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ABSTRACT
The two primary' objectives o fthe  research were to  derive constitutive models for 
the interfaces o f  flexible pavement layers, and to determine the effects o f  the mechanical 
properties o f  interfeces on pavement performance. A simple constitutive model was derived 
for the asphalt-to-asphalt interfeces using data provided by laboratory direct shear tests at 
several normal load levels. In the model, the shear displacement and stress are proportional 
untfl the shear strength o f  the interface is reached-After failure, a friction model represents 
realistically' the interface condition. The test results proved that, if a  tack-coat is not applied 
between layers, the shear strength at the interface and the shear stress-displacement 
relationship depend on the magnitude o f the normal stress acting on interface with tack-coat. 
Fatigue tests at constant normal to shear stress ratio indicated a  longer life for the interfaces 
with tack-coat. Field shear tests at several levels o f  normal load indicated that asphalt 
surface layers bond well to soil-cement bases. Failure at these interfeces appears due to 
shear in the cement stabilized material. The field tests proved that, due to their very high 
resistance to  movement, asphalt surface layers can be considered to be fully bonded to 
granular base layers. The interface constitutive models were integrated into the ABAQUS 
finite element model in order to determine the effects o f interface condition and the 
horizontal loads on the stress-strain field in a  road structure. The study proved a significant 
impact o f the interface condition on pavement life.
xv
Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.
1. INTRODUCTION
Pavements are the major load-carrying elements o f the highway system. More 
than 1,700 billion passenger - miles and more than 870 billion tone-miles are transported 
annually on the United States road network (1). Pavement construction and maintenance 
represent more than fifty percent o f all highway expenditures in the United States. Even 
after initial development o f  the road system, expenditures on pavements grow 
continuously since roads require maintenance and rehabilitation. Considering the 
relatively large investments involved in construction and maintenance works, any 
technological improvement can lead to large savings. Construction and maintenance 
costs are minimized by the use o f  advanced and efficient technologies, cheaper and better 
performing materials, and efficient management o f assets and resources. All these are 
main components o f the pavement management process (2).
The design o f pavement structures plays a major role in the development o f a 
long-lasting pavement. Selection o f materials and layer thicknesses appropriate for the 
expected traffic and environmental conditions, along with the estimation o f the future 
behavior o f the structure, is essential for assuring adequate pavement performance and 
reducing not only the maintenance and rehabilitation costs but also the vehicle operating 
costs.
Structural pavement design can be broadly categorized into two groups: 
empirical methods and mechanistic methods. Empirical methods are derived from 
observation o f the performance o f road structures for which the thickness o f  the layers, 
material proprieties, the traffic volume and the environmental conditions to which the
1
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structure was subjected are known. The application o f these methods is limited to the 
climate, materials and the traffic volumes for which they were developed, but offers the 
advantage o f being derived from the observed behavior o f  real structures.
Mechanistic methods offer a more ‘theoretically’ sound approach, since they are 
based on fundamental laws o f physics and o f  the strength o f materials. Even though 
verifications o f the predictions o f  these models are rarely performed, the models are 
easily adaptable to varying environmental conditions, traffic situations and materials 
types. Also, they offer valuable insights into the design process, since the initial 
assumptions and principles are known. Therefore, it is easy to anticipate the accuracy o f 
the design method.
The history of pavement design reveals a continuous evolution o f the mechanistic 
methods from simple to more complex. The availability o f improved procedures for 
material testing, the tremendous computation capabilities and the wide availability o f 
personal computers provide a strong basis for the development of mechanistic methods.
A typical mechanistic design method is based on an algorithm for calculating 
stresses, strains and displacements in the pavement structure. The thickness o f  the layers 
and the materials stiffnesses are then selected in such a way that the stresses and strains 
are smaller than the maximum allowable values. Typical critical parameters are the 
horizontal tensile strains and stresses at the bottom o f asphalt concrete and stabilized 
layers, and/or the vertical compressive strains at the top o f the subgrade. The allowable 
strain values are selected functions o f the fatigue proprieties o f the materials obtained in 
laboratory tests, results o f  full-scale accelerated type tests on real structures or
2
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observation o f the performance o f road sections under real traffic. Thus, by limiting the 
strain values it is assured that failure will appear only after the structure has carried the 
desired volume o f traffic.
A major assumption considered in mechanistic design methods, where pavement 
structures are modeled as a multilayer system, is that the layers are fully bonded to each 
other. This eases the modeling o f the structure and the computation process. The 
mechanistic model can then be simplified so that stresses, strains and displacements can 
be computed. A few models allow the modeling o f the interface using a bonding 
coefficient between 0 (no bonding) and 1 (full bonding). Even then, the selection of the 
bonding coefficient is difficult since there is no standard test procedure to determine it. 
Thus, the proper modeling o f the interface bonding condition represents an important 
problem in understanding the real behavior o f the road structures.
The behavior o f in-service pavements proves the importance o f bonding 
condition. Inadequate layer bond can lead to slippage and complete separation ofthe 
layers. Extensive cracking, delamination and potholes may appear if the layers are 
separated. The functionality o f the pavement structure is then compromised. All these 
distresses could be reduced, if not eliminated, if layer bonding is taken fully into account 
in the structural design o f the pavement. The improvements to the pavement design 
process by including the proper modeling o f the interface will lead to a reduction in 
maintenance and rehabilitation costs.
3
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1.1. Objectives
The main objectives o f the study are:
I. To develop a constitutive model for asphalt-to-asphalt concrete, soil cement - asphalt 
concrete and crushed stone - asphalt concrete interfaces
II. To study the effect o f mechanical proprieties o f  the interface on pavement 
performance and the implication for pavement design
To accomplish these objectives it is necessary:
a. To conduct laboratory and field tests in order to obtain the shear-load behavior for the 
interfaces
b. To develop macromechanic models from the shear-load data to explain interface 
behavior
c. To study the possibility o f including interface models in the mechanistic design models 
for calculating stresses, strains and displacements in pavement structures
d. To determine the influence o f  the interface condition on the accuracy o f the moduli 
backcalculation process.
4
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2. RELATED RESEARCH
2.1 Effect of Interface Conditions and Horizontal 
Loads on Pavement Performance
In a multilayer pavement, the interface condition makes an important contribution 
to pavement performance. The magnitude and location o f critical strain are not the same 
for no bonding as for the case o f full bonding between layers.
The typical distress caused by the inadequate bond between an asphalt wearing 
course (or asphalt overlay) and the next layer is slippage cracking. This occurs most 
often in areas where braking or turning wheels cause the pavement surface to slide or 
deform (eg. intersections, sharp curves) but can occur under a simple rolling wheel load. 
Shahin (3) describes the slippage cracks as crescent or half-moon-shaped cracks having 
two ends pointed away from the direction o f traffic. A typical example was observed at 
the first full-scale accelerated pavement test in Louisiana (Figure 2.1) (4). The repair 
option is a  function o f  the level o f  severity, indicated by the crack width and density 
(Figure 2.2), and consists in the partial or full-depth patch o f the cracked area.
Spreading an asphaltic tack coat over an underlayer before placing an asphalt 
surface course is the technique commonly used for assuring the bond between layers.
The different experience o f state highway agencies in terms of the performance of tack 
coats as an interface bonding material is reflected by the construction specifications for 
the material and quantity requirements for the tack coat, which are not uniform. 
Satisfactory performance has been observed on pavement structures where the tack coat 
has not been used and some states do not even require a tack coat to be placed before 
laying the asphalt surface course or the asphalt overlay.
5
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Figure 2.1. Slippage cracking at the Louisiana PRF experiment (4)
6
Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.
Low-severity slippage cracking.
Medium-seventy slippage cracking.
High-severity slippage cracking.
Figure 2.2. Slippage cracking (3)
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An example is provided by Cooley (5), that describes a flexible pavement 
rehabilitation project using an asphalt overlay on Interstate 40, in Tennessee. The project 
consisted o f milling 50 mm (2in.) o f  existing roadway and filling the milled surface with a 
polymer modified base mix, followed with a surface course. The particularity o f the 
project was that the asphalt contained in the small loose millings left in the grooved, 
milled pavement melted by the heat o f the hot-mix overlay and formed a strong bond 
between the placed mixture and the underlying pavement. The technique is against 
conventional practices since no tack coat was used to bond the overlay to the existing 
pavement. But the cores extracted after construction and the performance o f the overlay 
under traffic confirmed the good bonding at the interface. The advantage o f the method 
is that the construction process is simplified and the costs are reduced since no tack coat 
is being used and no sweeping and vacuuming is necessary after milling. The project not 
only illustrated a case where the tack coat can be eliminated, but also the need for a 
testing procedure for the interface.
The redistribution o f stresses and strains in the pavement structure due to 
inadequate interface condition has been considered as a cause o f premature failure for 
road structures for a long time. In an article published in 1962, Livneh and Schlarsky (6) 
wrote: “when the coefficient o f  friction between the asphalt carpet and the rigid base is 
small, this case may be more critical than that o f  a flexible base”. They considered, as a 
distinct design case, the situation when the friction between the base and surface layers is 
low. In  this case the stiff base is not included in the failure mechanism. Here the critical 
point is at the bottom o f the surface layer; failure does not initiate in the rigid base.
8
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The article also described the relation o f  the slippage, between the surface layer 
and the base, with horizontal loads at the pavement surface. The integrity o f  the interface 
bonding is even more critical when horizontal loads (due to braking, acceleration, 
longitudinal grades or superelevations) act at the top o f the surface. Thus, the hypothesis 
o f  vertical loads only, as considered by most o f  the mechanistic pavement design stress- 
strain computation models, can lead to large errors in estimating the pavement life.
Barber (7) illustrated the complexity o f  horizontal shear loads acting at the 
pavement surface as a superposition of:
- a vertical (normal) nonuniform pressure
- horizontal (tangential) forces acting toward the center o f the load, in magnitude 
as high as the vertical forces.
- horizontal forces acting in one direction, due to longitudinal grades, 
superelevation, centrifugal forces, braking or acceleration forces. It is considered 
that the friction coefficients can be as high as 0.8.
He recommended the use o f the combined effect o f horizontal and vertical forces in the 
design o f  road structures (7).
In order to study the consequences o f separation between an asphalt overlay and 
the existing pavement surface, Shahin et al. (8, 9) used layered elastic theory and the 
fatigue laws for asphaltic concrete to compute the life o f an airfield pavement. Two finite 
elements programs, were used to calculate the stresses and the strains developed in a 
flexible and rigid pavement, respectively. The BISAR (10) model was used to compute 
the pavement life for a  structure with an asphalt overlay added to a flexible pavement.
9
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Various interface layer conditions, and various stiffnesses and thicknesses for the 
overlay, were considered in the study. BISAR allows the modification of the slippage 
condition between the layers by considering the relative displacement between layers to 
be proportional to the shear stress transfer across the interface (Goodman’s constitutive 
law):
A = k * x [2.1]
where : A - relative displacement between layers, in m
t - original shear transmitted across the interface, in N/m2 
k - slippage coefficient (0 - full bound, 1000 - full slip), m3/N.
The study revealed that for the full bond case, the maximum tensile strain 
remained at the bottom o f the original asphalt layer and the overlay was in compression 
while for the full slip case, the tensile strain at the bottom of the overlay was larger than 
that at the bottom o f  the existing asphalt layer (Figure 2.3). The strain field was almost 
the same for the case o f  partial slip and full slip. The vertical subgrade strain also 
increased when the bonding was lost.
Another important finding was that, for the case o f free slippage, the life o f  the 
pavement decreased when the overlay thickness increased to 6 inches. For overlays 
thicker than 6 inches, the pavement life increased slightly when the thickness increased. 
Also, for thin (1-3in.) overlays and full slippage, the pavement life decreased with the 
increase in overlay stiffness, since a stiff asphalt concrete is more susceptible to fatigue. 
The calculations proved that thin overlays have small effects on the surface deflections 
when the full slippage condition was met.
10
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All o f  the above proved the importance o f  selecting an appropriate bonding 
condition between overlay and its support, and also an optimum overlay stiflhess and 
thickness.
The calculated values for the surface deflection indicated that the interface 
condition had a small influence on the surface deflection, it influenced more the area of 
the normalized deflection basin. Considering the high variability o f  pavement layers in 
terms o f  stiffness and thickness, the detection o f the bonding condition from deflection 
data only becomes difficult.
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H O R I Z O N T A L  ST R A IN  X  TO6
Figure 2.3 Horizontal strain under centerline o f a  single DC-9 wheel (8)
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The full bonded condition is the best solution also in the case o f  asphalt overlay 
on a sound rigid (concrete slab) pavement structure. Stresses in the slab are reduced by a 
full bonded overlay, extending the life o f the pavement. The overlay also reduces the 
temperature gradients in the concrete slab and thus the curling phenomenon. If  a  partially 
bonded overlay is used, failure is likely due to  high strains at the bottom o f the overlay.
The study also revealed the effects o f  horizontal shearing loads at the top o f  the 
overlay. The magnitude o f the horizontal loads was evaluated as half o f the vertical load. 
In this situation, the maximum tensile strains appear at the top o f  the overlay, at the edge 
of the contact area, leading to a progressive formation o f “crescent cracks”, typical for a 
slipped overlay. The strains are critical even for the case o f  full bond, but they increase 
by 50 percent when slippage occurs. The strains values can be reduced only by increasing 
the stiffness o f  the overlay. These effects recommend verification o f the strain field at the 
top o f  the overlay, even when interlayer slippage is not present, in a mechanistic design 
procedure.
These theoretical results were confirmed by the behavior o f the pavement 
structures tested at the Louisiana Pavement Research Facility (4), where one o f the lanes 
failed prematurely due to the insufficient bonding between the asphalt layers. A large U- 
shaped slippage crack developed in the most heavily loaded section o f lane 3. The 
wearing and the binder courses could be easily separated proving the failure was due to 
inadequate interface bonding.
The influence o f interface slippage on the performance o f an overlay was 
considered in the overlay design method proposed by Molenaar (11). The overlay 
thickness is designed differently depending on the desired role for the overlay.
12
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To improve the structural condition o f  the existing pavement and to reduce the 
speed o f crack reflection, a bonded overlay was the recommended solution. A stiffer 
overlay was preferred for structural condition improvement, while a softer but thicker 
overlay will have a better effect in terms of reducing reflection cracks.
To prevent crack propagation from an existing pavement to an overlay, a  bond 
breaker can be applied before applying the overlay. In this way, no shear can be 
transmitted from the overlay to the structure. The strain reduction in the existing 
structure is minimal, especially for thin overlays. Any cracking will propagate 
horizontally at the overlay interface. But the critical strain location still is at the bottom 
o f the overlay.
The issue o f delaying the crack reflection was also considered by Vallerga at al. 
(12) in their study o f asphalt-rubber membranes. They considered the Stress Absorbing 
Membrane Interface (SAMI) system as “extremely effective in virtually eliminating all 
reflection cracking from the underlying AC or PCC pavement when used in connection 
with a properly designed overlay”.
Several other laboratory and field studies (13.14) recommend the use o f isolation 
interlayers for delaying the crack propagation but none o f them addresses the issue o f 
redistribution o f stresses and strains in the overlay due to isolation from the existing 
structure. In order to overcome the fatigue failure in the overlay itself, a much thicker 
“properly designed overlay” may be necessary when the bond between the overlay and 
the underlying layer is weak. This is especially so in the case o f  asphaltic overlay 
reinforcements o f cracked flexible pavements.
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Salam and Monismith (15) used the finite element method to perform ultimate 
strength analysis for certain pavement structures: an asphalt concrete bridge deck 
surfacing with flexible support and rigid support, an asphalt surface layer over a cement- 
treated base, and a  thick asphalt concrete runaway pavement. An incremental iterative 
solution that provided for the cracking o f individual elements, with stress redistribution 
in the surrounding elements, was used. Both tension and compression failure as well as 
nonlinear behavior for the asphalt concrete were considered. To simulate the load 
applied by a braking aircraft at landing, a friction factor o f 0.5 was assumed, and both 
horizontal and vertical components o f  load were applied at the same time for the 
runaway pavement case. The interface between the asphalt concrete and the under layer 
was modeled using linkage elements each containing two springs, one acting parallel to 
the direction o f  slip and the other perpendicular to it. The interface was assigned a 
constant stiflness modulus equal to half the initial stiffiiess o f the asphalt concrete.
Even though the analysis was restricted to plane stress conditions, it allowed the 
idealization o f  the nonlinearity o f  the material response and bond effects at the 
interlayers. The study indicated that for the case o f asphalt surfacing over the rigid 
support, the effect o f the low bond strength was to shift the failure condition from 
compression to a mixed mode. For the runway pavement, the braking tractions on the 
runway pavement resulted in lowering the maximum load at failure by increasing the 
tensile stresses at the heel o f the loaded area. For this structure, the weak interface also 
resulted in a further decrease o f the total failure loads.
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In all the analysis described above the loads acting on the pavement are assumed 
as static. In reality, the loads have dynamic characteristics, due to vehicle suspension 
effects and the roughness o f the pavement surface (16). Measurements on full-scale tires 
traveling at constant speeds also revealed a non-uniform distribution o f the vertical 
pressure, with a higher pressure toward the traveling direction (17).
2.2 Interface Strength Tests 
The determination o f interface bond between two materials has application in 
many areas: composite materials, ceramics, polymers, rock mechanics, concrete 
structures. In some cases, the adhesion bond may be enough to describe the interface 
behavior. In many other situations, where more complex stresses and strains must be 
transferred between the two materials, adhesion alone cannot represent the interface 
strength. Then, the shear strength o f  the interface dictates the integrity o f the stress/strain 
transfer and thus the behavior o f the composite structure.
Relatively limited tests have been performed to determine the mechanical 
proprieties o f the interfaces between layers o f flexible pavements. More research has 
been developed to derive the shear strength between the bottom of concrete slabs and 
treated or untreated subbases.
In terms o f roughness o f two surfaces, the magnitude and the complexity o f the 
stress field at the interface in relation to the mechanical proprieties o f  the adjacent 
materials, were similar for the interface between two cement concrete layers, between 
two masses o f a cracked rock block and between two asphalt layers. The similarities can 
lead to the transfer o f testing methodologies and mechanical constitutive models.
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The shear load transfer along the discontinuities o f a rock mass represents an 
important issues in the stability o f  rock masses subjected to dynamic and static loads 
(earthquakes, machinery, etc.). Many field and laboratory tests had been developed 
(18.191 before the International Society o f Rock Mechanics (ISRM) proposed a testing 
method (20) that allows the measurement o f peak and residual shear strength as a 
function of the stress normal to the shear plane.
A typical shear testing device that can be easily used in the field, as well as in 
laboratory, is presented in Figure 2.4 (19). Two inch diameter specimens (rock cores) 
are cast in concrete. The shear along the surface o f the discontinuity is imposed by a 
hydraulic jack. Another jack provides the normal load. Three gages measure the shear 
displacement, the shear and normal load during testing. The normal load is kept constant 
while the shear load is increased to the value o f the shear strength. After the peak shear 
strength is exceeded, a lower shear load is required to maintain the movement. In this 
testing configuration, the normal load is constant and the dilation (the opening o f the 
crack) is allowed. A very similar test configuration was used by Roko (21). His finding 
confirmed the initial hypothesis that the stress - shear displacement relation at the 
discontinuity during shear depends on the magnitude of the normal load.
Some other test configurations do not allow dilation (infinite normal stiffness) 
and therefore, the normal load cannot be kept constant. In these cases, the shear strength 
o f the discontinuity is highly related to the shear strength o f the asperities.
Divakar (22) and Choi (23) summarized various test configurations for 
determining the shear strength along a crack in cement concrete members. These tests
16
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were developed in order to determine the shear resistance o f the cracked concrete, with 
or without reinforcing across the crack. Many o f these configurations do not allow the 
application o f stresses normal to the crack surface, since in many concrete structures, the 
normal stress acting at the crack surface is so small that it can be neglected. Some other 
configurations allow the application o f low normal stresses.
Testing configurations were developed for measuring the shear strength o f 
concrete-to-concrete bond. Test at constant normal load (24) or even direct shear (25) 
tests have been elaborated. The slant shear test (ASTM C881)(26), and the shear test 
configuration used in Japan (27) (Figure 2.5) allow the application o f both normal and 
shear stresses but and keep their ratio constant during testing. The second has the 
advantage o f using field specimens, while the slant shear test requires sample preparation 
in the laboratory. Saucier et al. (24) proposed a testing configurations where the 
interface shear can be tested at constant displacement rate, at high normal stresses 
(3.8 MPa).
Table 2.1, presented by Lau (28). lists results o f  the shear strength tests on a 
concrete-to-concrete interface under various testing configuration. The values illustrate 
the importance o f  selecting the testing configuration to simulate, as closely as possible, 
the real loading conditions.
In the case o f pavement layers, the normal pressure across the interface varies up 
to lOOpsi; dilation o f the interface being allowed. These aspects must be considered in 
the design o f a testing system.
17
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o Rope load equaliser
Normal load jack
’Concrete or plaster 
cast specimen mount
'Gauge for measurement of 
shear displacement
Upper shear 
boxv
Lower shear box
Figure 2.4 Drawing o f portable shear machine (19)
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V M M ?
Figure 2.5 Loading method for the shear test used in Japan (27)
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.1. Shear Strength o f  Concrete-to Concrete Bond (24)
Source Bond
Strength
(MPa)
Remarks
Saucier et al. 7 - 1 1 Tested with 3.8 MPa lateral compression
Cleland et al. 2.37 - 2.78 Torque shear test
McGee and Ozyildirim 2.0 - 2.38 Field core samples tested at two-day age
Wall and Shrive 34 ASTM slant shear test
Sinno and Furr 2.9 - 3.7 Direct shear test
Reinhardt 1 .9-2 .3 Tested with 0.15 lateral compression
The friction between concrete slabs and the subbase support is important in 
estimating the tensile strains and stresses developing at the bottom o f  the slabs due to 
temperature gradients. The strains due to temperature gradients in the slab are computed 
when no vehicle load is applied. The vehicle loads are considered only when total strains 
are calculated. Therefore, the testing configuration must exclude the application of 
normal loads.
This is also the case o f the push off tests used by Wedevich (29) and Wymsatt et 
al. (30, 31). The friction effects depend on the subbase material and the thickness o f the 
slab. Push off tests were performed on full size concrete slabs (2x14 feet, 4 inches thick) 
resting on various subbase materials: cement stabilized, asphalt stabilized, lime treated 
clay, flexible, sand-stabilized shell and untreated clay. Tests were performed with 
additional dead loads (precast concrete blocks) added on the top o f slabs in order to 
simulate various slab weights (or thicknesses). The horizontal and the vertical 
movements and the shear forces were monitored and recorded.
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The results o f  the push off tests are summarized in Table 2.2. The highest friction 
resistance resulted for cement treated bases for which the use o f a bond breaker before 
placing o f the concrete slab was then recommended. The resulting failure planes are at 
the slab-subbase interface for loose unbound subbases, when the magnitude o f frictional 
resistance is directly dependent on slab weight. Thus the use o f a friction coefficient, to 
represent the interface condition, is appropriate.
For all stabilized subbases tested, the failure plane at sliding is within the subbase 
since the adhesion between the slab and the support is high. The shear is only slightly 
influenced by the overburden pressure supplied by slab weight. The coefficient o f friction 
model is not valid in this case.
Results on two asphalt stabilized subbase layers indicated that the subbase 
thickness and internal temperature had substantial effects on the subbase friction 
proprieties. It was also found that the surface texture o f  asphalt subbases did not 
significantly affect the frictional resistance.
Table 2.2. Results o f Push-Off Tests (31)
Subbase Type Peak Frictional 
Resistance (psi)
Horizontal Movement 
at Sliding (in.)
Slab Depth 
(in)
Flexible 3.0 and 3.4 0.024 and 0.020 4 and 8
Asphalt stabilized 1.6 and 2.2 0.030 and 0.038 3.5 and 7
Cement stabilized 15.4 + 0.001 + 3.5
Lime-treated clay 1.6 and 1.7 0.011 and 0.012 3.5 and 7
Untreated clay 0.6 and 1.1 0.030 and 0.052 3.5 and 7
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The necessity o f  improving the bonding between the existing concrete slabs and 
the cement concrete overlay using “powder-driven” nails was studied by Choi (23). A 
large number o f  push off tests were performed on nailed concrete specimens cast on a 
concrete slab. Three surface preparation techniques, different numbers o f  nails, and 
different positions o f  the nails relative to cracks were studied. The push off test results 
indicated that nails improve the shear strength by only 16 percent. No effect o f surface 
preparation was found for an interface with nails. The interface shear strengths were 
related to the concrete compressive strength. There was no reduction in post peak shear 
resistance o f nails in cracked specimens compared with crack free specimens. The 
findings in the laboratory results were confirmed by the performance o f full scale road 
sections.
Uzan et al. (32) performed on extensive laboratory investigation o f the 
mechanical properties o f asphalt-to-asphalt interfaces. Laboratory prepared asphalt 
samples were tested at two temperatures ( 25 °C and 55 °C) and five levels o f normal 
pressures (0, 50, 100, 250 and 500 kPa) and one rate o f  shear (2.5 mm per minute). Five 
rates o f  tack coat ( 0, 0.5, 1.0,1.5 and 2.0 kg/m2 ) were used to determine the influence 
on the mechanical properties o f the interface, and to roughly estimate the rate for 
maximum shear strength o f the interface.
The samples were prepared by first laying and compacting the asphalt mix to the 
desired density in a steel mold (150 x 100 x 50 mm) using static pressure. The same 
asphalt used in the mix was sprayed as tack coat a  week after compaction. On top o f the 
tack coat, the second asphalt concrete layer, 30 mm in thickness, was compacted using 
the same static load.
22
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The interface shear mold showed in Figure 2.6 was used for testing. The constant 
normal load was provided by a hydraulic frame while the shear load was applied by an 
electric motor and a proving ring was used for applying and reading the horizontal force. 
The normal and shear displacements were measured using a set o f four deflectometers.
The shape of the shear curves was similar to the one obtained in the Marshall test 
for asphalt concrete and in the direct shear tests for soils (Figure 2.7). Goodman’s 
constitutive law [eqn. 2.1] was adopted to describe the interface behavior, with K=l/k, 
the horizontal interface reaction modulus. The modulus was calculated at a relative 
displacement o f  0.13 mm, considered more representative o f the behavior o f flexible 
pavements in which veiy small horizontal relative displacements take place. The strength 
o f the interface was computed as the peak shear stress o f the curve.
The major findings o f  the interface tests were:
-  the shear resistance o f the interface and the K-value increase with the normal 
pressure and decrease with the temperature. The influence o f the temperature is 
reduced with increasing normal pressure
-  the optimum tack coat rate was 1.0 kg/m2, and the tack coat rate had a small 
influence on the mechanical properties o f the fresh asphalt concrete interface; the 
influence could be different on an aged asphalt concrete.
-  the K-modulus has a reduced value at low loading rate used in the experiment, 
the value should be corrected to the rate corresponding to the loading conditions 
imposed by traveling wheels
23
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Figure 2.6 Interface shear mold (32)
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Figure 2.7 Shear stress - displacement curve in the asphalt-to-asphalt shear test (32)
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Crispino at al. (33) used a dynamic test to evaluate the interaction between the 
asphalt concrete layers. Cylindrical cores with a diameter o f 100 mm were extracted 
from laboratory prepared asphalt concrete slabs and from existing pavements and 
subjected to dynamic shear stresses (sinusoidal force function) o f magnitude 100 - 300 
kPa and frequency o f 10 Hz. A schematic o f  the testing equipment is presented Figure 
2.8. The sinusoidal force and the sinusoidal response shear displacement were measured 
and recorded with a sampling frequency o f 500 Hz. The tests were performed in a 
temperature control chamber at 15 °C and 35 °C. In all the results reported (33). no 
normal pressure was applied to the interface, but it was mentioned that the equipment 
will be modified to accommodate the application o f normal pressure.
A cationic emulsion o f 0.5 kg/m2 application rate was used for all specimens. 
Different aggregate gradation in the asphalt concrete mix was used for the wearing and 
the binder courses, conforming to the specifications generally adopted in Italy.
The tests proved that the relative slip between the two layers was almost entirely 
recovered (reversible behavior), and shows a phase lag with respect to stresses (viscous 
behavior). Therefore, an internal restraint, structured as a Kelvin model, was introduced 
to characterize the interaction between the two asphalt layers (Figure 2.9). The 
parameter introduced was the Interlayer Reaction Complex Modulus KI*:
KI* = T(t) / s(t) = ( x ^  /  Sraax)*cos(p) + i *(xmax /  smax)*sin(p) [2.2]
Where: - the amplitude o f the sinusoidal shear stress
smax ‘ the amplitude o f the slip between the two layers 
p - the phase angle between shear stress and displacement
25
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Figure 2.8. Schematic o f  the interlayer reaction testing equipment (33)
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Figure 2.9. Horizontal interaction model (33)
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The study (33) led to the following major conclusions:
-  KI* is considerably affected by temperature, and varies with the orientation o f  the 
specimen as a consequence o f the non-isotropic behavior o f the interface
-  the measured KI* is about three times higher than the corresponding values 
obtained through static testing available in the literature
-  minimum o f 7 specimens need to be tested in order to obtain a difference from 
the actual value o f less than 10% (at 95% confidence level)
The effect o f  tack coat on the bonding characteristics at the interface between 
asphalt layers was also investigated by Hachiya and Sato (34). They performed simple 
shear with no normal pressure and simple tension tests on samples cut from laboratory 
compacted asphalt concrete blocks (Figure 2.10). Films o f tack coat having different 
thicknesses ( 0.05, 0.3 and 0.6 mm) were placed between two stainless steel plates and 
tested in simple shear at 1 and 100 mm/min shear displacement rate. An emulsified 
asphalt and a rubberized emulsified asphalt were the two types o f  tack coat used in the 
sample preparation.
No mechanical model for the interface was derived, the research aimed to 
identify the factors affecting the bonding strength, and thus, to optimize the construction 
solution for the interface. The factors considered in the study were:
-  the tack coat material and application rate
-  the curing conditions and duration for the tack coat
-  development o f dirt adhesion due to delay in laying the top asphalt layer
-  the construction procedure (tack coat; cold joint; hot joint; monolithic layer)
27
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The optimum emulsified asphalt material selected in the laboratory investigation 
was tested in a field trial. Three full-scale pavements with the asphalt concrete surface 
layer constructed in one, two and three lifts were loaded in a repeated test using a 92.8t 
B-747 type gear, up to 10,000 cycles. The field trial indicated that the one lift (monolith) 
surface, with no interfaces, had surface deflections similar to those o f two and three lifts 
surfaces, but the lower compaction achieved due to the thicker layer led to greater rut 
depths. Therefore, multilayer construction o f the surface course, and thus, selection of a 
optimum interface material is preferred.
i
R»ct«n|l«
Test method of asphalt concrete
(U n it m )
Shear test of emulsified asphalt
Figure 2.10 Interface tension and shear tests (34)
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Molenaar et al. (35) evaluated the resistance to shear o f Stress Absorbing 
Membrane Interlayers (SAMI) by direct shear tests. The SAMI consisted o f a rubber 
bitumen tack coat on which precoated chips, with a diameter between 8 and 11 mm, 
were spread. SAMI was applied on the existing pavement surface before adding the 
overlay. Its purpose is to delay the crack propagation from the existing asphalt layer to 
the overlay, but, at the same time, to assure a partial shear transfer between overlay and 
the existing asphalt surface.
The test setting presented in Figure 2.11 was used. The test were performed at 
15°C, using a displacement rate o f 0.85 mm/sec (2.0 in./min). It can be noticed that no 
pressure normal to the shear plane is applied. Therefore, the field situation, where normal 
pressures up to 100 psi are common encountered, is not accurately simulated. Since the 
purpose o f the study was to compare the shear strength o f various interlayers (SAMI, 
regular tack coat, no tack coat), not to derive a mechanical model for the interface, the 
testing configuration still provided useful results.
The results showed that the mean shear resistance o f the SAMI is approximately 
half o f  the shear resistance o f the interface with or without the tack coat. This has 
positive effects in terms o f retardation o f cracking from the existing asphalt layer. The 
shear resistance o f the interface with and without tack coat and the shear resistance o f 
the asphaltic concrete were about the same.
The efficiency o f a  SAMI was tested also using a three point bending test, and 
fatigue tests on beams resting on a rubber subgrade, at 0 and 15°C. The tests showed the 
highest bending strength for the beams without tack coat, the lower stiffiiess for SAMI
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being beneficial. At fatigue, cracks were initiated above the interlayer, indicating that 
SAMI must be used with care.
The most advanced methods to evaluate material and pavement performance are 
the full-scale accelerated tests (36). The major advantage offered by full-scale 
accelerated tests is the frequency o f  loading. The same traffic volume, normally 
distributed over a 10 year period, is imposed to the pavement in several weeks, at the 
same or superior wheel loads. All the other factors, such as materials, layer thicknesses, 
construction procedures and environmental conditions are the same as for in-service road 
sections.
The Callington ALF trial (37) was the first ALF trial to specifically address the 
relative performance o f a variety o f  asphalt surfacings used for pavement rehabilitations. 
Over 3.3 million loading cycles were completed during 17 experiments on different 
asphalt rehabilitation configurations. Among many other objectives, the effectiveness of 
flexible membrane interlayers (SAMI) was investigated. SAMI was used on 5 o f 19 test 
sections. The results proved that “SAME interlayer slowed down or in many cases 
delayed the crack propagation to surface” (37). The postmortem excavations showed the 
deflected cracks growing horizontally at the interface between the two asphalt layers. 
Loss o f bonding between the overlay and the existing asphalt layer was also observed. 
The damage was similar to stripping, indicating water movement at the interface. It was 
not possible to conclude if the loss of bond occurred before or after the horizontal cracks 
appeared.
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Figure 2.11 Shear test device used for testing SAMI (35)
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2.3 In-situ Determination of the Interface Condition
The laboratory tests revealed the significant effects the interface condition has on 
the distribution o f stresses and strains in the pavement structure and thus, on pavement 
life. Therefore, in order to estimate the remaining life o f  existing road structures it is of 
interest to detect the interface condition.
Lepert et al. (38) considered that the interface between the surface course and 
the course just below is the most often defective, and that semi-rigid pavements are more 
prone to interface defects. They list several causes for interface problems:
-  insufficient compaction at the top o f the base
-  the presence o f a thin layer o f added material at the surface o f the base
-  deficient tack coat, lack o f tack coat or tack coat applied in bad weather
-  pollution o f the base before the spreading of the tack coat
-  absorption o f the tack coat by excessive porous aggregates
-  underdesigned wearing course leading to excessive shear stresses at the interface
-  absorption o f the tack coat by the insufficiently compacted stabilized base
-  on semirigid pavements, spreading o f the hydraulic layer in hot weather, without 
a curing coat and without spraying during the setting period, will result in drying 
o f the surface and rapid loss o f  cohesion o f  the top o f the base
Laboratory tests on asphalt cores extracted in the field and trenches cut in the 
road structure can be used to measure the mechanical properties or to observe the 
interface condition. Disturbance o f the condition during coring or trenching, especially
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when wet cutting is used, along with the need for repairs and the cost o f  the operation, 
represent the major disadvantages o f these methods.
Lepert et al. (38) studied the possibility o f using non-destructive testing for 
detecting the condition between the road base and the bituminous wearing course. Seven 
full depth asphalt pavement sections, having different layer thicknesses were constructed. 
Three interface situations were imposed: no tack coat, tack coat to assure good bonding, 
and thin layer o f sand between the base and the wearing courses to simulate weaker 
bonding. It was not possible to confirm the expected effects o f the interface condition by 
the visual inspection, since the sections carried no traffic and no surface damage was 
specific to only the interface condition.
Several Non Destructive Testing (NDT) methods were applied to the sections: 
measurement o f deflection by inclinometry, the French deflectograph and the Falling 
Weight Deflectometer (FWD) tests, a pass o f the Collograph, measurement o f radius o f 
curvature, Ground Penetration Radar (GPR) and, measurement o f dispersion curves with 
a lightweight vibrator. It was concluded that the surface deflection does not reflect the 
condition o f the interface. The lightweight vibrator is useful in investigating pavements 
with treated bases but it was found to be inaccurate in detecting the interface condition. 
Since the GPR technique can locate interfaces between two materials only when they 
have different dielectric constants, it can only indicate if voids or moisture are present at 
the interface.
The impedance method was further investigated as a possible solution for 
detecting the interface condition. The impedance o f the pavement structure is measured
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by applying a  localized vertical dynamic loading (an impact), F(t), to it, and measuring its 
vertical response (displacement), X(t), at the same point. The impedance is the ratio of 
the Fourier transforms o f the response and that o f the input. A numerical study proved 
that the impedance function is sensitive to the interface condition between 500 Hz and 
2,500Hz.
These findings lead to the development o f the COLIBRI” system (Figure 2.12). 
After comparing the results with the laboratory test results on cores, the COLIBRI 
system was found to be effective for detecting the condition o f the asphalt-to-asphalt 
interfaces and asphalt surface / cement-treated base interfaces.
power supplydata acquisition, processing  
and storage unit impacter driving 
unit
A3
electrical
im pacter0.70m 0.30m  0.10mretractable O '  
accelerom eters
Figure 2.12 Sketch o f  the “COLIBRI” system (38)
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South African experience on many semi-rigid pavements with relatively thin 
surface treatments indicated that this type o f structure may fail under heavy traffic due to 
the crushing o f the lightly cementitious materials at the upper part o f cementitious bases, 
less than 50 mm below the asphalt surface. The failure is in the cemented material but, 
due to the location, it also can be regarded at a failure o f the interface since the crumbled 
material acts as an interlayer that isolates the asphalt surface from the stiff cemented 
base.
Extensive research on the interface crushing was conducted by De Beer (39), 
using the Dynamic Cone Penetrometer (DCP) to prove the presence o f  the soft, 
crumbled layer on top o f the cemented base. He developed a method for the in situ 
determination of the moduli o f  the crumbled layer using the DCP technique and, a 
relationship between the Unconfined Compression Strength (UCS) o f the upper 50 mm 
o f  the cemented layers and the number o f  stress ratio repetitions needed to initiate 
compression failure within these layers.
Laboratory tests indicated that the cohesion created by the cementing agent 
decreases rapidly when approximately 1% permanent deformation per unit length is 
reached. Therefore, the compression failure criterion was related to this value o f the 
permanent deformation within the cemented base layer. The failure criteria and the 
fatigue relationships (transfer functions) are included in the South African mechanistic 
design method for this type of structures (40). The risk for this type o f  interface failure 
can be reduced by increasing the thickness o f  the asphalt surface in order to reduce the 
stresses at the top o f the cemented base.
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2.4 Mechanical Models for Interfaces
The mechanical models for interfaces express the relation between the shear 
displacement along the interface plane and the shear and normal stresses.
Several mechanical models have been tried to describe the mechanical behavior 
o f  the discontinuities between two rock masses. During sliding, the interfaces are 
subjected to two relative motions: 1) motion normal to the interface which results in the 
separation o f mating surfaces (dilatant behavior) and 2) tangential motions in the plane of 
the interface. During motion, the destruction o f the adhesive bond at the contact zones 
(horizontal contact), the resistance to dilatancy movement and the plucking or crushing 
o f the asperities which interfere with the motion (lateral contact) contribute to the 
dissipation o f energy. A simplified approach is to consider these energies in addition to 
the friction energy. Then, the friction energy can be expresses as function o f  the strength 
o f the rock, the height o f the asperities and the adhesion between the two rock surfaces.
The translation motion can be described by a mechanical model. Rigid-elastic- 
plastic, elastic-plastic and generalized elastic-plastic models are the most commonly used 
(21). The parameters o f  these models are derived by analytical procedures from the 
equations o f motion. The trigonometric interpolation concept is probably the easiest 
procedure. Here, the shear load curve obtained during the laboratory tests is discretized 
and the Fourier coefficients are calculated to derive the equation o f motion in a closed 
form. A typical shear load curve is presented in Figure 2.13. Since the load curves 
depend on the level o f  normal stresses, the Fourier coefficients must be derived for each 
normal stress level. A set o f coefficients is derived at the end by regression analysis.
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Figure 2.13. Shear load - displacement curves for the quartz porphyry samples (21)
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In the case o f  rock discontinuities, is very important to relate the mechanical 
model to the magnitude o f the normal load and the size o f asperities. The probability 
density function and the variogram function are typical solutions for this problem (211.
Divakar (22, 41) listed the main factors that have influence on the interface shear 
transfer in concrete:
- intensity o f normal stress;
- nature o f the interface roughness
- aggregate grain size
- loading cycle;
- extend o f shearing (magnitude o f slip);
- stiflhess o f  the asperities;
Divakar (22, 41) developed the constitutive model for the interface shear in 
concrete following two different approaches. First, in the macroscopic approach, based 
on the principle o f incremental plasticity, that ignores the nature of the internal structure 
o f the material and the nature o f  the rough surface. Second, in the microscopic approach, 
the nature o f  the rough surface as well as the internal structure of the material were 
considered and modeled. For both models, the model parameters were calibrated using 
the results o f  the direct shear tests with normal load.
Divakar (22) indicates that the macroscopic model can be best derived from data 
provided by direct shear tests at constant normal load (zero normal stiflhess). Since the 
normal load is constant, the coupling between stresses was removed and the problem can 
be easily formulated and analyzed. The typical responses o f shear stress versus slip at 
constant normal stresses is presented in Figure 2.14.
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Figure 2.14. Typical shear stress vs. slip responses at constant normal stress (221
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The important mechanisms by which the shear stresses are resisted in a rough 
crack at low normal forces are: interlocking, overriding, fracturing and frictional sliding. 
The micromechanical model was replaced by a  continuum model having a simple 
mathematical and numerical form. The continuum model for the rough crack is illustrates 
in Figure 2.15. The equilibrium o f forces lead to the constitutive equation of the rough 
crack, the relation between stresses and displacements o f the rough crack (22):
0,1 1 p sina(8 ,,8n) j J  0
= O; • ac(w,8)-
- p 1 cosa (8, ,8n)J
!,
las(w)
[2.2]
The parameters in the micromechanic constitutive model are:
8t , 5n - the tangential and the normal displacements; 
ot , on - the tangential and the normal stresses;
Oj - the interface strength (can be expressed as function o f the uniaxial strength); 
ac(w ,6) - the actual area o f  contact between the two faces o f the rough crack; 
os(w) - the crack closing pressure (depends on the stiffness o f interlocking springs); 
p- the interface friction coefficient (0.52 for concrete and 0.47 for mortar) 
a  (8, ,5n) - the asperity angle (derived as function o f the gradation distribution for 
aggregates).
Divakar (22, 41) developed the micromechanic model for Portland cement 
concrete only for low normal forces. At high normal forces, aggregate crushing due to 
shear must be considered in the model.
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Figure 2.15. Continuum model o f a rough crack (22)
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2.5 The Finite Element Solution for Stresses and Strains in Pavement Structures
The use o f multilayer analysis to represent pavement response has been the basis 
for the development o f mechanistic pavement design methodologies. A number o f 
general solutions for determining stresses and deformations in a multilayer solid are listed 
in Table 2.3 (42). These multilayer elastic and viscoelastic computer programs could be 
developed due to the rapid advancement o f computer technology. These models still do 
not address many important aspects in the modeling o f road structures: the nonlinear 
behavior o f pavement materials, discontinuities (cracks and interfaces), boundary 
conditions (joints, shoulders). Fnite element analysis (FEM) has been increasingly used 
to represent pavement response, especially because it allows the inclusion o f non-linear 
behavior o f  granular materials and models for the computation o f permanent 
deformations. The FEM approach also opened the possibility o f determining the stress- 
strain field under dynamic loading, simulating the pass o f a vehicle load.
Several pavement structural analysis FEM computer programs are available for 
the analysis o f rigid pavements (43): ILLI-SLAB, JSLAB, WESLIQUID, GEOSYS and 
KENSLAB. ILLI-PAVE, MICHPAVE, WESLAYER and KENLAYER were created 
for stress-strain calculations in flexible pavement structures. The PACE program uses 
axi-symmetric finite element configuration and visco-elastic material model to predict 
strain variations resulting from moving wheel loads and the fatigue life o f the pavement 
(44). Scarpas (45) describes the use o f  the CAPA-3D finite element program, developed 
at Delft University o f  Technology, for simulating the development o f cracking in asphalt 
concrete pavements.
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Table 2.3. Examples o f  Multilayer Elastic Analysis Computer Programs (42)
Program Number 
o f layers 
(max.)
Number Continuity Probabilistic Program 
of loads conditions at considerations source 
interface
BISAR 10 
Remarks:
10 full continuity no Shell International 
to frictionless Petroleum Co., Ltd.,
London, England 
• Considers horizontal as well as vertical loads
CHEV 5
Remarks:
2 full continuity no Chevron Research
Company
• Nonlinear response o f granular materials accounted for in 
DAMA program of the Asphalt Institute which makes use o f 
CHEV program.
ELSYM 10 100 full continuity no University o f  California 
to frictionless at Berkeley
PDMAP 5
Remarks:
2 frill continuity yes National Cooperative
Highway Research 
Program (Project 1-10B)
• Iterative process used to arrive at moduli for untreated granular 
materials
VESYS 5 2 full continuity yes FHWA-US DOT
Remarks: • Program considers materials both as time independent (elastic) 
and time dependent (viscoelastic)
CHEVIT 5
Remarks:
12 full continuity yes U.S. Army CE
Waterways Experiment 
Station
• Includes provision for stress sensitivity o f granular layers
CIRCLY 5+
Remarks:
10+ full continuity no MINCAD Systems, 
to frictionless Canterbury, Australia
(for Australian Road 
Research Board)
• Permits consideration o f horizontal and vertical loads; in 
particular permits consideration o f radially directed horizontal 
forces
• Can consider orthotropic material behavior
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General finite element programs (ABAQUS, SAP, ADINA) (46) can be used for 
the analysis o f road structures. They offer the possibility o f  including constitutive 
material models, and interface models already offered by the programs or even including 
new constitutive and interface models by modifying the existing subroutines or by 
creating new subroutines. They also allow the modification o f the geometry o f the FEM 
grid and the selection o f several element types. All these open the possibility o f 
performing the analysis for more specific problems, where special material models, 
bounding conditions and geometry are required. The sensitivity o f the results to input 
parameters, material models, geometry and boundary conditions can be also 
investigated. Also, since the accuracy o f the finite element analysis is sensitive to mesh 
finenesse, general FEM programs allow the modification o f element type and mesh size 
to achieve reliable analysis results.
In the last decade, ABAQUS (47) has gained popularity in solving pavement 
problems concerning nonlinear subgrades and foundation layers and dynamic loading. 
Uddin et al. (48) have simulated Falling Weight Deflectometer (FWD) loading on an 
asphalt pavements. Mallela (49) studied the dynamic response o f undoweled plain joint 
concrete pavement under a FWD loading. Zaghoul at al. (50. 51) have used ABAQUS to 
determine the stress strain variation in an airfield pavement due to the dynamic loading o f 
a aircraft wheel, and to derive the load equivalency factors (LEF) on rigid and flexible 
pavements in Indiana, for various truck loads moving at different speeds.
Kuo (52) performed a careful analysis o f ABAQUS’ element types, feature and 
options in order to select the components that produce a robust and efficient model for
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the three-dimensional (3-D) model for concrete pavements. Using the optimum model, 
he explored the complicated effects and interactions in concrete pavements: foundation 
support, base thickness and stiflhess, slab curling and warping due to temperature and 
moisture gradients, improved support with a widened lane, widened base, or tied 
concrete shoulder. He validated the results o f the analysis by comparison with measured 
deflection, stress and strain data from various road tests.
Hammons (46) used the program to determine the response o f the rigid pavement 
slab-joint-base structural system. ABAQUS facilitated the explicit modeling o f the slab 
continua and base continua, o f  the load transfer capability at the joint, the aggregate 
interlock across the cracks in the base course, and the contact interaction between the 
slab and the base course.
In the sensitivity study, Hammons (46) selected the refinement o f  the 
discretization (mesh fineness) and the element types for the 3F rigid pavement problem. 
The process involved producing a number o f  finite element models with varying mesh 
finesses and element types, solving the models to obtain approximate solutions, 
observing the convergence trends for key response parameters (bending stress, shear 
stress and deflections) and comparing the analytical solution to experimental results.
The ABAQUS 27-node brick element with restricted integration was considered as 
optimum due to its accuracy, compatibility to the contact interaction model and 
computational efficiency.
The ABAQUS contact interaction feature was used to model the friction at the 
interface between the concrete slab and the subbase layer. Joint elements, with stiffness
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assigned in the z-direction only were used to model the dowel joints and joint transfer 
across cracks in the base course o f a Joint Reinforced Portland Cement Concrete 
(JRPC). In this case, the load transfer across the cracks or the dowel joints was implicitly 
a shear only mechanism, with no load transfer due to bending.
2.6 Summary
Theoretical analysis, as well as the behavior o f in-service structures, proves that 
bonding between pavement layers affects the distribution o f stresses and strains and, 
thus, the performance o f  a pavement structure. Existing mechanical models for 
calculating the stresses and strains that include layer interface models are based on a 
friction factor approach or consider the shear displacement as proportional to the shear 
force at the interface without including the influence o f the normal stress. These models 
are not accurate since the resistance to movement is not always proportional to the 
normal stress at the interface, and the relationship between the shear displacement and 
shear stress is affected by the magnitude o f the normal pressure. More elaborate interface 
models and testing methods have been created for the interfaces between concrete blocks 
and between rock masses. These models take into account the effect o f the normal 
pressure on the interface as well as the roughness o f the two surfaces. Similar models 
can be developed for the interfaces o f flexible pavement layers. They may be used in 
stress-strain computation if they are included in a finite element solution that allows the 
incorporation o f complex material, loading and interface models.
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3. MATERIALS AND METHODS 
3.1 Experimental Site
Field data collection was performed at the LTRC Pavement Research Facility 
(PRF) in Port Allen, Louisiana, across the Mississippi River from Baton Rouge. The 
facility is located about 1 mile South o f I-10 on LAI South, just past the Intercoastal 
Waterway on Northline Road, west about two miles. The PRF program consists o f  
accelerated full-scale loading o f  various pavement structures using the Accelerated 
Loading Facility (ALF) machine. The ALF machine is the second machine o f  its type in 
United States. Since the ALF simulates field conditions and loads the test section to 
failure within a relatively short period o f time, the characteristics o f  pavement behavior 
from construction to failure can be easily measured.
The ALF is a transportable linear full-scale accelerated loading facility which 
imposes a rolling wheel load on a  12 m (39 ft) test length o f any test pavement. Loading 
is in one direction only, at a  constant speed of 17 km/h (10.4 mph) - a  cycle time o f 8 
seconds - applied through a  standard dual tire truck wheel capable o f  loads between 43 
kN and 85 kN (9,750 - 18,950 lbs, 1.38 - 19.7 ESALs [Equivalent Standard (9,000 lbs) 
Axle Loads] ). This allows the ALF to traffic a test pavement at up to 8,100 wheel 
passes (11,200 to 160,000 ESALS assuming the forth power law) per day (36).
The PRF site, at Port Allen across the Mississippi river from Baton Rouge, is a 
2.43 hectare (6 acre) reserve within which a 65 m x 40 m (210 x 130 ft) embankment has 
been constructed to a height o f  1.5 m (5 ft) above natural ground to form a permanent 
platform for the construction o f  a series o f test pavements. The embankment, built o f a
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selected silty soil (A4), served to raise the pavements above the level o f minor flooding 
and a layer o f select soil (type A-7- silty clay) provides a uniform subgrade. Nine 
pavement lanes were built on the embankment to provide a three phase first experiment 
(Table 3.1). The construction o f the 9 pavement lanes began in March 1995 and was 
finished in December 1995. The test lanes are 60 meters long and 4 meters wide (53).
The first PRF project consists o f three phases, each testing three pavement lanes 
(53). The purpose o f  the first PRF test is to compare different materials and construction 
technologies for the base course. Therefore, the same asphalt concrete surface layer, 90 
mm thick, was constructed for all lanes.
Phase I (lanes 2, 3 and 4) o f  the program compared three flexible crushed stone 
pavements and establish a ‘control’ pavement performance standard for lane 2, which is 
a typical Louisiana Department o f Transportation and Development (LaDOTD) current 
design. Phase II compared a plant-mixed stabilized soil bases (lanes 5, 6 and 7) with 
different cement contents. Phase III compared other stabilized pavement layer 
configurations, including an inverted pavement structure (lane 9) with a crushed stone 
base and a soil-cement base subbase.
Two additional test areas were constructed at the same location as the PRF test 
lanes. Each test area consists o f  9 pavement structures located at the ends o f  lanes 2 - 
10. The first test area (AREA 1) was constructed by not laying the 38mm surface layer. 
The second area (AREA 2) was constructed by adding an extra 38mm asphalt concrete 
layer to the existing structure just after the construction o f the wearing course on the 
entire site was finished. No tack coat was sprayed on top o f the existing wearing course
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before laying the additional asphalt concrete for AREA2 (Figure 3.1). Areas 1 and 2 
were 3.5 m wide. No additional costs for constructing the test areas were added since no 
extra material was needed and the constructor agreed to no additional cost for the 
construction operations (material spreading and compaction).
Table 3.1 The Configuration o f the PRF Test Lanes (53)
Lane Surface Base Subbase Capping
Layer Layer Layer Layer
2 89mm HMAC 216mm Stone 89mm A4 Soil
3 89mm HMAC 140mm Stone 165mm A4 Soil
4 89mm HMAC 100mm Stone 152mm Stone Stabilized 
Soil
50mm 
A4 Soil
5 89mm HMAC 216mm In-Plant Mix Soil 
Cement (current design)
89mm A4 Soil
6 89mm HMAC 216mm In-Plant Mix Soil 
Cement (modified design)
89mm A4 Soil
7 89mm HMAC 216mm In-Plant Mix Soil 
Cement (modified design) 
with fibers
89mm A4 Soil
8 89mm HMAC 216mm In-Place Mix Soil 
Cement (current design)
89mm A4 Soil
9 89mm HMAC 100mm Stone 152mm In-Place Mix Soil 
Cement (current design)
89mm 
A4 Soil
10 89mm HMAC 305mm In-Plant Mix Soil 
Cement (modified design)
HMAC- type 8 hot mix asphalt concrete 
current design - 10% cement content 
modified design - 4%  cement content
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127mm
89mm
Figure 3.1 Schematic diagram o f the AREAS 1 and 2
3.2. Materials and Specimen Preparation
Cores extracted from the test lanes and AREA 2 were used to study the 
mechanical properties o f  the asphalt-to-asphalt interface. The interface between the 
asphalt surface layer and the granular base was studied by push-off tests on lanes 2. 
Push-off tests on lane 6, 8 and 10 were performed to study the properties o f the asphalt 
surface to soil-cement base.
The same Type 8 Hot Mix Asphalt Concrete was used in the construction o f  the 
binder and the wearing courses. The HMAC mixed properties are reported in Table 3.2
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while the gradation curve for the aggregates is plotted in Figure 3.2 (53). The aggregate 
mix contained 11% Arkansas granite fines, 65% 13mm nominal size crushed gravel (C l), 
19% 7mm intermediate sized crushed gravel and 15% coarse sand. The design binder 
content was 5.3 percent. The Gyratory Shear Index (GSI) is 0.99 indicating a stable mix. 
The asphalt binder, supplied by Koch Materials, met PAC40-HG specifications.
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Figure 3.2 The gradation curve o f  the asphalt concrete aggregates
The binder course was constructed on all the nine lanes November 22,1995. 
Tack coat was sprayed on the binder course one day before placing the wearing course 
on November 22, 1995, at an average quantity o f  0.1 1/m2. Unfortunately, only few 
quantity checks were performed on the tack coat during construction, so the variability 
o f the spraying process could not determined.
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Table 3.2. Properties of the Hot Mixed Asphalt Concrete (53)
Mix Formula Percent Passing
Sieve Size Design Data Average Binder Data Average Wearing Data
19 mm 100 100 100
13 mm 98 99 99
9 mm 85 90 91
No. 4 63 60 63
No. 10 41 40 43
No. 40 23 22 24
No. 80 13 9 12
No. 200 5.2 5.1 5.9
Theoretical Gravity 2.43 - -
% binder 5.3 5.2 5.1
VFA 16.5 17.5 16.8
VMA 75 68 71
% Voids 4.5 5.3 4.8
Marshall Stability 2200 1870 2300
Flow (mm) 11 9 10
Density (kg/m3) 2320 2210 2192
GSI 0.99 1.00 0.98
The crushed limestone base in lanes 2, 3, 4 and 9 had the gradation presented in 
Table 3.3. The nuclear density gauge used for in place density and moisture content 
measurements indicated an average moisture content o f 4.5% and an average compacted 
density o f 21.6 t/m3. A prime coat consisting o f 1.35 1/m2 (0.3 gal/yd2) emulsified asphalt 
was spread on the crushed limestone for protection and curing.
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Table 3.3. Gradation Curve for the Crushed Stone Base (53)
Sieve Size Specified 
% Passing
Actual 
% Passing
37.5mm 100 100
25mm 9 0 -1 0 0 94.9
19mm 70 - 100 79.6
No. 4 3 5 -6 5 23.3
No. 40 12-32 4.6
No. 200 5 - 1 2 1.5
Both in-plant and in-place mixed soil-cement used A4 type select soil borrowed 
from a stockpile. The unconfined compressive strength of the soil-cement, measured on 
laboratory manufactured samples is reported in Table 3.4. After being constructed, the 
cement stabilized layers were protected and cured by an asphalt curing membrane 
consisting in 0.5 1/m2 (0.1 gal/ yrd2) o f emulsified bitumen. The in place density and
moisture content, along with more details on the construction o f the lanes is given by 
King (53).
Table 3.4 Compressive Strength for the Soil-Cement (MPa), after King (53)
Lane 7 Day 
Cure, 100% 
Compaction
28 Day 
Cure, 100% 
Compaction
56 Day 
Cure, 100% 
Compaction
7 Day 
Cure, 95% 
Compaction
28 Day 
Cure, 95% 
Compaction
56 Day 
Cure, 95% 
Compaction
5 1.925 2.505 3.263 1.933 2.103
6 0.766 1.123 1.02 0.593 0.932
7 0.964 1.232 1.52 0.879 1.09
8 1.674 2.322 0.984 1.428
9 2.351 3.004 1.473 2.048
10 0.979 1.352 1.522 0.783 0.962
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For each o f the nine lanes, a total o f twenty asphalt cores were extracted outside 
o f  the ALF testing areas: ten from test lanes and ten from AREA 2. Since, for all the 
cores, the top end was smooth and the bottom end was rough, a sand-cement mortar cap 
was added to the bottom end to make it smooth. Both ends o f  the cores must be smooth 
to ensure that the normal load is uniformly distributed over the end surfaces. The 
diameter o f  the cores varied between 94 and 96 mm (3.7 to 3.8in.), even though the core 
barrels were designated as (4in.) barrels.
The cores extracted from the test lanes were around 90mm long (3.5in.). Since 
for these cores, a  tack coat bonded the binder and the wearing layers, the interface 
between the two layers was easy to identify.
The cores extracted from AREA 2 were longer, around 125mm (5in.) long. Two 
asphalt-to-asphalt interfaces can be detected on these cores: the wearing-binder layers 
interfeces and the wearing layer - added AC mix interface. On these cores, only the 
interface between the wearing course and the added asphalt mix was tested since it had 
no tack coat. Due to this, this interface was more difficult to identify.
Figure 3.3 shows two cores, one from the test areas, one from AREA2. The 
interfaces were marked to ensure that the cores were properly positioned and that the 
interfaces are tested. The number o f the lane from where the cores were extracted were 
also marked on the cores.
The direction the asphalt was placed was not marked on the cores. Therefore, it 
was not possible to further detect if the mechanical properties o f  the interface are the 
same in different directions.
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Figure 3.3. Asphalt cores with the marked interfeces
3.3 Tests to Determine the Mechanical Properties of 
Asphalt-to-Asphalt Interfaces
3.3.1. Direct Shear Tests with Normal Load
As indicated by Divakar (41), the macroscopic constitutive models for an
interface can be best derived from data provided by shear tests at constant normal load
(zero normal stiffiiess). In this case, since the normal load is constant, the coupling
between stresses is removed and the problem can be easily formulated and analyzed.
For this study, direct shear tests at constant normal load were performed on
asphalt-to-asphalt interfaces using the asphalt cores extracted from the PRF site. From
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the total o f 180 cores extracted, 120 cores were used for the direct shear tests. The 
condition variables considered in the factorial design o f the test were:
1. Interface type: with and without tack coat;
2. Temperature 15°C, 25 °C and 35 °C.
3. Normal load level: 138, 276, 414 and 522 kPa (20, 40, 60 and 80 psi);
Five cores were tested for each combination o f the above mentioned variables. 
Before testing was started, the cores were randomly assigned to each set o f conditions.
The schematic representation o f the configuration o f the direct shear test with 
normal load is presented in Figure 3.4. Both shear (vertical) and normal (horizontal) 
pressures are acting at the interface. The asphalt core is first fixed in a steel split ring, 
with the interface positioned at the end o f the ring. The half o f the core outside o f  the 
ring, is then placed and fixed in a steel cup positioned vertically and welded to a vertical 
supporting plate. The position o f the interface is adjusted at the rim o f  the cup using a 
screwing piston placed inside the cup. The screwing piston resists the horizontal force 
imposed at the other end o f the core by the horizontal actuator. The vertical actuator 
pushes on top o f  the steel split ring, imposing a shearing force to the interface. The entire 
assembly is positioned so that the vertical actuator is aligned with the interface and no 
bending moment is imposed to the interface. The distance between the split ring and the 
steel cup is only 5 mm. This ensured that the shearing is applied to the interface and not 
to the asphalt concrete mix.
The shear testing configuration resembles the configurations used by Uzan (32) 
and by Crispino (33). In Uzan’s research, normal pressure has been also applied to the 
interface, but he used laboratory manufactured rectangular specimens o f
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150x100x50 mm. The shearing was performed at a  slower displacement rate, o f  only
2.5 mm/minute. Crispino performed interface tests using cylindrical specimens, 102 mm 
(4 in.) in diameter, but laboratory prepared specimens, not cores. For the tests reported 
(33). no normal pressure was applied to the interface.
Photographs o f  the testing assembly are presented in Figures 3.5 and 3.6. An 
UMATTA hydraulic testing machine was used as the horizontal actuator, while an MTS 
hydraulic frame provided the shear force. Since the capacity of the UMATTA machine is 
4.8 kN. For the specimen diameter o f  96 mm, the maximum shear stress that it could 
apply was 663 kPa (96 psi). During testing, the normal force (Fh) was measured and 
controlled by the UMATTA machine, while the shear force (Fv) and displacement were 
controlled and measured by the MTS machine. The normal displacement at the interface 
was computed as the average o f the values measured by two additional LVDT type 
sensors fixed on the steel cup, also connected to the MTS machine.
interfacespecimen 
steel ring steel cup
piston
screwing
piston
Figure 3.4 Schematic o f the direct shear tests with normal load
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Before testing, the asphalt cores with both ends smoothed were kept for at least 
24 hours in a temperature control chamber, at one o f the three temperature levels. Since 
one direct shear tests lasted on average only five minutes, it was considered that no 
significant change in the temperature o f the asphalt specimen would occur after the 
specimens were taken out o f the chamber. The diameter o f the core was recorded as the 
average o f  two perpendicular diameters measured near the interface.
After correctly placing the core inside the metal ring and the cup, the horizontal 
actuator was started and programmed to provide a constant force, Fh. The magnitude o f 
the horizontal force was computed for each specimen, function o f the specimen diameter 
and the desired normal stress at the interface.
When the horizontal force is constant, the shear force was applied at the constant 
shear displacement rate o f 0.2 mm/second until a total shear displacement o f  12 mm was 
reached. During testing, the shear load, shear and normal displacements were recorded in 
a binary file in the MTS computer. The header o f the file recorded the specimen number, 
the temperature and normal pressure. The file was converted to ASCII format and 
imported in a spreadsheet so that the stress-displacement curves could be plotted.
After the interface failed, the vertical actuator was removed first, then the 
horizontal actuator. The specimens were stored in labeled zip bags so that the sheared 
surfaces could be observed later.
All but one specimen failed at the interface plane, no matter the interface type, 
temperature or normal load level. The failure o f the specimen that sheared in the asphalt 
concrete mix was probably due to incorrect positioning o f the specimen in the steel cup.
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Figure 3.5. Direct shear test with normal load - view 1
Figure 3.6. Direct shear test with normal load - view 2
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3.3.2. Shear Fatigue Tests
Under traffic, the pavement structure is subjected to a repetitive mechanical 
action o f the moving vehicles. The loads acting at the interfaces between layers are o f 
repetitive type and therefore, it is important to determine the fatigue resistance o f  the 
interfaces. The accurate simulation o f the stress field at the interface is very difficult, if 
not impossible. The ratio o f  shear to normal stresses at a point at the interface changes as 
the vehicle approaches and recedes from that point. Moreover, the different magnitudes 
o f the vertical and horizontal pressures acting on pavement surface changes with each 
vehicle and therefore, the stress field at the interface changes.
The schematic o f  the test configuration proposed for the shear fatigue tests o f  the 
asphalt-to-asphalt interfaces is presented in Figure 3.7. This test configuration is similar 
to that used in the PRESS Program (27) for measuring the strength o f the concrete-to- 
concrete interface. For the PRESS study, the longitudinal axis o f the specimen was at 45 
degrees with the vertical, so that the normal and the shear pressures were equal.
In the testing configuration used for the shear fatigue tests, the asphalt specimens 
are placed in two metal split cups. Screwing pistons at the bottom o f the caps allow the 
adjustment o f  the position o f the specimen so that the distance between the cups is 
approximately 5 mm and the interface is between the two cups. The cups are fixed onto 
two sets o f  metal angle pieces welded to base plates, so that the longitudinal axis o f the 
specimen makes an angle to the vertical. The bottom base plate is fixed to the hydraulic 
frame o f the MTS machine. In order to allow the relative horizontal movement o f  the 
upper part o f  the assembly and the hydraulic actuator, a steel ball plate was placed on
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top o f  the upper base plate. The actuator o f the MTS machine is pressing on a steel plate 
placed on top o f the steel ball plate. The steel ball plate was greased before every test so 
that no friction would develop between the steel balls and the two metal plates.
Actuator
Screwing
pistons
specimen
Tan(A) = 0.5
Figure 3.7. Schematic o f the shear fatigue test
For test configuration used in this research, the longitudinal axis o f  the specimen 
is at 25.5 degrees with the vertical, so that the shear pressure at the interface is half to 
the normal pressure. This value was selected to simulate the condition at the wearing- 
binder layers interface under a wheel load for which the ratio between the vertical and 
horizontal forces at pavement surface is 0.5. The 0.5 ratio was used in the research by 
Salam at al. (15) and by Shahin (8, 9). They considered this value as typical for the areas
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where vehicles brake and accelerate frequently on road pavements, or where airplanes 
brake at landing on airfield pavements. Higher ratios, o f  up to 0.8 was indicated by 
Cocks (54) in his research on the damaging effects o f road trains, but that situation is an 
extreme case, veiy unlikely to occur for regular vehicles.
The cyclic vertical force was provided by the MTS machine hydraulic frame. 
Along with the vertical force and displacement, the shear and normal displacements at 
the interface were measured by two LVDTs also connected to the MTS data acquisition 
module. The elastic and permanent displacement at the interface in both normal and 
tangential direction, as well as the maximum and minimum vertical forces were recorded 
for each cycle. Photographs o f the shear fatigue tests are shown in Figures 3.8 and 3.9.
Two temperature sensors measured the core and the skin temperature o f a 
dummy asphalt specimen placed near the testing assembly. Since the tests could not be 
performed in a temperature control chamber, the temperature in the room was set to 
25 °C. The sensors indicated that, during testing, the temperature varied less than 1 °C 
from the desired value o f 25 °C.
A haversine vertical load was applied with a minimum load o f 10% o f the 
maximum load, with a frequency o f  5 Hz. A load needed to be applied in the resting 
period so that the actuator remains in contact with the metal plate. From the total period 
o f 0.2 seconds, the length o f the haversine pulse was 0.05 seconds, simulating the pass o f 
a vehicle at 50km/h. The dead weight o f the metal pieces above the interface, in 
magnitude of200N (45 lbs), also acted in addition to the load applied by the actuator 
and increased the total load by 2 to 5 percent.
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Figure 3.8. Interface shear fatigue test - view 1
Figure 3.9. Interface shear fatigue test - view 2
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Since for most o f  the material fatigue tests, the number o f  cycles to failure is 
related to the ratio o f  the applied stress and the material strength, four preliminary tests 
were conducted to determine the strength of the interface when the shear and the normal 
load act simultaneously. For all four tests, the maximum compressive stress at the 
interface has reached extreme values (8.7 MPa) without the interface failing in shear. In 
all cases, the sample failed in compression.
Because the value o f  the vertical load to be used in the fatigue tests could not be 
selected in relation to the strength of the interface, the load levels were selected so that 
the normal stress takes values close to those normally encountered in the field. Four 
vertical load levels o f  4, 6, 8 and 10 kN were used in the fatigue tests. The 
corresponding normal pressures at the interface: 0.5, 0.75, 1.0 and 1.25 MPa (73, 109, 
145 and 182 psi) are within the range of normal stress values for interfaces o f road and 
airfield pavements. The fatigue tests were stopped when the permanent shear 
displacement at the interface was 6 mm or when it was considered that the number of 
cycles corresponding to a permanent shear displacement o f 6 mm could be extrapolated.
The software controlling the MTS testing machine does allow up to one million 
cycles to be applied in the same fatigue test and the data to be recorded in a  single file. In 
order to apply more than one million cycles to the same specimen, the test needed to be 
restarted and the data stored in a separate file. The two files were further linked in a 
single file. In some cases, the first cycles o f the restarted test caused small movements o f 
the LVDTs, distorting the measured displacements data. This was visible in the plot of 
the displacement data stored in the joint file.
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3.4. Push-off Tests on Surface-Base Layer Interfaces
The first PRF experiment aimed to compare the performance o f  conventional and 
innovative materials and construction procedures for the base layers. The post-mortem 
investigations proved that, in all semi-rigid structures, the upper part o f  the soil-cement 
base had softened and eroded under traffic. For two o f the lanes (8 and 10), this was the 
major cause for the failure o f  the structure (4). A similar mechanism was reported in the 
literature by De Beer (39. 40) whose work lead to the modification o f the South African 
mechanistic design method of semi-rigid structures to consider this phenomenon.
Considering the important effects o f the condition o f the surface-base interface 
on the distribution o f stresses and strains in the pavement structure and thus on 
pavement life, push-off tests on in place asphalt concrete slabs were performed for this 
study. In the initial stage o f the research, the possibility o f using asphalt/soil-cement 
specimens extracted from the PRF lanes had been investigated. Several trials o f 
extracting o f  asphalt concrete / soil-cement cores failed because the soil cement material 
softens in the presence o f the water used during coring, and then crumbles under the 
shearing action o f the core barrels.
It was not intended to prepare asphalt / soil-cement specimens in the laboratory 
since it was considered that the asphalt mix could not be compacted over the soil-cement 
at the field density without disturbing the cement stabilized soil. If  asphalt mix is 
compacted first and the soil-cement is compacted over the asphalt concrete, a much 
smoother interface will result due to the compaction o f the asphalt concrete with metal 
hammer or roller than for the interfaces in the field. The results o f the research
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conducted by De Beer (39, 40) as well as the failure mode o f  semi-rigid structures tested 
at the Louisiana first PRF experiment (4) confirmed that the curing and hydration 
process that takes place in the field greatly affects the interface performance. Since the 
field hydration and curing are difficult to replicate accurately in the laboratory, the 
interface condition on the laboratory specimens would not be the same as that in the 
field. Therefore, only the field push-off tests were used for this study; no specimens were 
prepared in the laboratory.
The schematic o f  the push-off test is presented in Figure 3.10. The tests were 
performed on asphalt concrete slabs. A group o f five by five slabs were cut with a 
circular saw on lane 8. The slabs in the first, third and fifth row were removed carefully 
so that the position o f the remaining ten slabs was not disturbed. These ten slabs were 
pushed to determine the strength o f the asphalt concrete /  soil-cement interface.
A horizontal load is applied only to the surface course in order to shear the 
interface between the surface and the base layer. The shear tests were performed for 
three values o f vertical pressure, normal to the interface. The pressure was developed by 
the back wheel o f an empty pick-up truck (5.4 kN - load level 1), the back wheel o f a 
loaded pick-up truck (11 kN - load level 2) and the back wheel o f a fork-lift (25.63 kN - 
load level 3). The loads were measured on a calibrated scale before the tests commenced. 
The area o f each asphalt concrete slab was calculated from the slab dimensions, the 
values ranged between 0.253 m2 and 0.267 m2.
The actuator o f a  Marshall test machine provided the horizontal load for the 
normal load levels 1 and 2. The shear displacement rate was 51 mm/minute. For the
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normal load level 3, higher horizontal forces were necessary and therefore, a hydraulic 
jack provided the horizontal load. The shear displacement rate was not constant, since 
the pressure in the jack was increased by a hand operated pump.
The horizontal force was measured using an ARTECK 202010 - 10K load cell, 
while the horizontal displacement o f the slab was measured by a LVDT placed on the 
opposite side o f the slab with the actuator. A DI-120 data acquisition system, connected 
to a laptop computer, was used to record the force and displacement values. For each 
tested slab, the force and displacement data was stored in a separate file in the laptop 
computer. Photographs taken during cutting o f the slabs and before the push-off tests are 
shown in Figures 3.11 and 3.12, respectively.
Figure 3.10. Schematic o f  the push-off tests
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Figure 3.11. Cutting o f the asphalt concrete slabs for the push-off tests
Figure 3.12. The equipment used for the push-off test
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4. RESULTS AND DISCUSSIONS
In order to derive constitutive models for pavement layer interfaces, direct shear 
tests with normal load and shear fatigue tests were conducted on the asphalt-to-asphalt 
interface in the laboratory and, push off tests were performed in the field at the asphalt / 
soil cement base interface. This chapter presents the development o f the interface 
constitutive models.
4.1. Macroscopic Constitutive Model for Asphalt-to-Asphalt Interface
The macroscopic interface constitutive models can be best derived from data 
provided by direct shear tests at constant normal load (zero normal stiffness). Since the 
normal stresses is constant, the coupling between stresses is removed and the problem 
can be easily formulated and analyzed.
Direct shear tests at constant normal stress have been performed on asphalt-to- 
asphalt interfaces. The conditions included in the experiment design were: two interface 
types, three temperature and four normal pressure levels. Five replicates were tested for 
each condition combination. The shear force was applied at a constant displacement rate. 
The shear displacement and force as well as the normal displacement at the interface 
were continuously recorded during testing. Details o f materials, specimen preparation 
and the testing procedure are given in the previous chapter.
The tangential force-displacement curves and the normal versus shear 
displacement curves are presented in Appendix A for all the combinations of test 
conditions. The codes used for identifying the testing conditions for each specimen are 
given in Table 4.1.
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Table 4.1. Sample Coding in the Shear Tests at Constant Normal Load
Character Code Significance
x S - A Interface Type A - No Tack Coat
B Interface Type B - With Tack Coat
_xxS_- 15; 25;35 T emperature ( ° C)
Sx- 1 Normal Stress 138 kPa (20 psi)
2 Normal Stress 276 kPa (40 psi)
3 Normal Stress 414 kPa (60 psi)
4 Normal Stress 552 kPa (80 psi)
S -x 2 to 10 Lane from which the specimen was extracted
S__-_x a, b, c Duplicates for the same testing conditions and the same lane
Example : B25S3-3 - Interface with tack coat, testing temperature 25 °C, normal stress 
414 kPa, specimen extracted from lane 3
4.1.1. Shear stress-displacement curves
Typical shear stress-displacement and normal versus shear displacement curves
are given in Figure 4.1. As for all shear stress -displacement curves reported in Appendix
A, five points on the shear stress-displacement curve (0, 1, 2, 3 and 4) separate four
segments on the curve:
— segment 0 - 1: linear behavior, characterized by a low interface reaction modulus, 
K1. At this stage, the shear stress distribution is not uniform over the entire area 
o f the interface. The extension of this panel depends greatly on the surface o f 
contact between the asphalt concrete specimen and the metal fixtures. Due to the 
difference in the diameter o f the specimen and the inside diameter o f  the metal 
cup, the specimen may not be fixed properly and it might move slightly until the 
shear stress is uniformly distributed over the interface area. The point of change 
in interface reaction modulus (Point 1) has been selected visually from the charts.
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-  segment 1-2: linear behavior, with a high interface reaction modulus, K2. The 
shear stress is uniformly distributed over the interface area. The shear 
displacement increases linearly with the shear stress. Failure o f the interface 
occurs when the shear stress reaches the shear strength o f the interface (point 2).
-  segment 2 -3: post-failure panel. The two bodies at the interface are not 
completely separated, the interface still exhibits some shear resistance
-  segment 3-4: friction panel. The two bodies at the interface are completely 
separated. A friction model characterizes the contact between the two bodies. 
The minimum set o f parameters that must be computed in order to characterize
the shear stress-strain dependency is:
-  K1 - the interface reaction modulus in the first linear panel, defined as the slope
o f the shear stress - shear displacement curve.
-  TD1 - the shear displacement where the interface reaction modulus changes
-  K1 - the interface reaction modulus in the first second panel, defined as the slope
o f the shear stress - shear displacement curve in the region where the shear stress 
is uniformly distributed over the interface area.
-  Smax - the shear strength o f the interface, the shear stress at break
-  TD2 - the shear displacement at break
-  NDmax - the maximum normal displacement between the two bodies
-  Sfrict - the friction resistance per unit area
-  mu - the ratio o f  the friction resistance per unit area and the normal pressure after 
the complete separation o f the two bodies.
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Figure 4.1 Shear stress-displacement and normal vs. shear displacement curves
4.1.2. Model description and parameters
Due to the cyclic nature o f the load at pavement interfaces, only the first two, 
elastic panels, and the friction panel are useful in describing the interface condition. The 
post-failure panel may appear only for the cycle when the interface breaks under the 
shear load. Therefore, no parameters were computed to characterize the post-failure 
panel; it was considered that after failure, the layers are completely separated.
The interface constitutive model proposed in this research to describe the 
asphalt-to-asphalt interface is a two stage model. In the first stage, the shear 
displacement or the relative displacement o f the two layers at the interface is 
proportional to the shear stress (the Goodman m odel), the proportionality being the 
interface reaction modulus, K, in the horizontal direction.
t = K • du [2.1]
In the direct shear tests with normal load, the interface reaction modulus in the first 
panel, K l, was always smaller than K2, the modulus in the second panel. This was due to 
the nonuniform distribution o f shear stresses at the interface caused by the difference 
between the inside diameter o f the steel split ring and the diameter o f the asphalt core. In 
many cases, when the two diameters were equal, the first panel was a continuation of the 
second panel, and K1=K2. Therefore, the interface reaction modulus for the second 
panel, K2 was selected as the interface reaction modulus K in the constitutive model.
The interface reaction modulus K can be the same for all levels o f normal stress, 
or can be affected by level o f the normal stress; which is the case o f the interface type A, 
without tack coat. The simple linear relationship derived by regression analysis can 
replace the interface reaction modulus, as for the interface type B, at 25 °C:
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t = ( 0.482 + 0.069 -o) • du [4.1 ]
The influence o f the temperature on the interface reaction modulus can be also included 
in the model, but relationships describing the influence o f the temperature were not 
developed in this study since the shear tests were performed at only three temperatures.
The first stage of the shear stress-displacement curve is when the shear stress is 
smaller than the shear strength o f the interface (the failure point Smax), given that the 
interface has not previously failed. The shear strength may increase with the level of 
normal stress, and it may be temperature dependent. Once the interface has failed, and 
the second stage begins, the interaction between layers can be described as simple 
friction, characterized by the friction coefficient, mu. The constitutive model for the 
asphalt-to-asphalt interface is illustrated in Figure 4.2.
Shear Stress = Smax
£
z
I
*_
CO
.C Simple Frictionco muK = tan (a)
Shear Displacement (mm)
Figure 4.2. Constitutive model for the asphalt-to-asphalt interface
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Table 4.2 lists the parameters o f the shear curve for each specimen. The values 
listed for interface types A and B at 25 °C temperature can be compared with the values 
obtained by Uzan ('32'):
-  the shear strength o f the interfaces tested in this study is between 0.5 and 2.5MPa 
while Uzan obtained strength values o f 0.3 to 0.75MPa
-  the interface reaction modulus (K) values obtained by Uzan were between 0.4 to 
2.0 N/mm3, almost twice the values obtained in this study (0.2 to 1.2 N/mm3).
The differences are reasonable considering that the two asphalt mixes had different 
gradation, binder content, and type and quantity o f tack coat. The shear displacement 
rate used by Uzan was 0.04 mm/min, five time slower than the rate used in this research, 
and he defined the shear reaction modulus as the modulus value at 0.13 mm relative 
displacement (32). The higher shear displacement rate would be expected to lead to a 
higher interface reaction modulus but this did not happen.
Since asphalt mixes are viscoelastic materials, the same behavior in terms o f 
response to different loading rates could be expected for the asphalt-to-asphalt interface. 
Correction factors could be applied to derive the interface reaction modulus value for 
loads traveling at highway speeds. Uzan (32) indicates that, if the same correction factor 
as for the asphalt concrete modulus can be used for the interface reaction modulus, this 
factor should be between 7 and 12. The effects o f temperature and loading frequency on 
laboratory and field measured asphalt concrete modulus is also addressed by Klomp (55). 
Witzack (56, 57) and Hall (58).
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Table 4.2. Parameters of the Shear Stress-Displacement Curves
Sample Area
mm2
Smax
MPa
TD2
mm
TD1
mm
NDmax
mm
K1
N/mm3
K2
N/mm3
Strict
MPa
miu
A35S4-10 7125.6 0.905 3.63 1.79 1.53 0.167 0.327 0.399 0.723
A35S4-2a 7163.6 1.064 3.70 1.21 0.58 0.275 0.303 0.413 0.747
A35S4-2b 7136.6 0.855 3.59 1.14 1.08 0.272 0.241 0.403 0.730
A35S4-6a 7240 0.830 4.69 2.78 1.13 0.148 0.221 0.415 0.751
A35S4-6b 7240 0.877 4.25 1.72 1.06 0.140 0.287 0.384 0.695
A35S3-10 7163.6 0.879 4.25 1.79 1.84 0.150 0.265 0.451 1.089
A35S3-3 7163.6 0.743 3.44 1.79 1.03 0.185 0.273 0.285 0.688
A35S3-7 7163.6 0.989 4.36 1.39 2.10 0.192 0.260 0.433 1.045
A35S3-8 7163.6 0.682 4.10 2.20 1.17 0.140 0.200 0.351 0.847
A35S3-9 7125.6 0.775 3.74 2.01 1.20 0.158 0.268 0.269 0.650
A35S2-10 7163.6 0.607 3.48 2.01 1.51 0.140 0.242 0.202 0.730
A35S2-4 7240 0.688 3.15 1.32 1.45 0.236 0.230 0.215 0.779
A35S2-6 7201.8 0.868 4.29 1.68 1.50 0.190 0.209 0.281 1.019
A35S2-7 7240 0.715 2.42 0.99 1.20 0.283 0.267 0.182 0.659
A35S2-9 7163.6 0.750 3.37 1.68 1.54 0.188 0.240 0.228 0.827
A35S1-10 7201.8 0.604 4.47 1.21 2.57 0.058 0.186 0.091 0.658
A35S1-2 7201.8 0.604 4.62 2.53 2.76 0.104 0.146 0.107 0.771
A35S1-4 7201.8 0.692 3.74 1.83 2.77 0.156 0.227 0.162 1.170
A35S1-7 7201.8 0.597 4.98 1.79 2.20 0.040 0.151 0.075 0.545
A35S1-7 7163.6 0.798 3.88 1.61 1.84 0.150 0.279 0.080 0.580
A25S4-3 7201.8 1.797 6.37 2.64 2.76 0.100 0.462 0.899 1.627
A25S4-4 7240 1.322 4.29 1.79 1.38 0.185 0.387 0.378 0.685
A25S4-5a 7201.8 1.526 4.18 1.83 1.41 0.201 0.567 0.407 0.736
A25S4-5b 7163.6 1.623 3.22 1.03 1.26 0.322 0.608 0.383 0.693
A25S4-9 7240 1.423 4.91 2.34 1.95 0.142 0.476 0.374 0.677
A25S3-6 7201.8 1.194 3.37 1.50 1.80 0.218 0.502 0.281 0.678
A25S3-7a 7201.8 1.363 3.00 1.25 1.37 0.320 0.566 0.278 0.670
A25S3-7b 7201.8 1.241 3.52 1.54 1.71 0.244 0.452 0.289 0.698
A25S3-8a 7201.8 0.956 3.15 1.39 0.93 0.269 0.316 0.270 0.653
A25S3-8b 7163.6 1.336 4.54 1.87 2.51 0.188 0.409 0.272 0.657
A25S2-3 7163.6 1.295 3.19 1.47 1.74 0.261 0.526 0.230 0.832
A25S2-4 7201.8 1.105 3.19 1.39 1.24 0.277 0.361 0.219 0.792
A25S2-6 7163.6 0.825 3.77 1.39 1.74 0.126 0.291 0.181 0.657
A25S2-9a 7201.8 1.004 3.44 1.43 1.69 0.188 0.393 0.196 0.709
A25S2-9b 7163.6 1.118 3.59 1.47 1.41 0.143 0.455 0.193 0.699
A25Sl-3a 7201.8 1.146 3.08 1.43 1.91 0.215 0.508 0.075 0.543
A25Sl-3b 7201.8 1.004 3.15 1.43 1.92 0.297 0.345 0.101 0.731
A25S1-6 7163.6 1.050 2.64 1.39 1.37 0.337 0.449 0.092 0.663
A25S1-7 7240 1.019 3.55 1.39 2.87 0.188 0.370 0.081 0.587
A25S1-8 7163.6 1.166 3.55 1.39 2.97 0.214 0.371 0.094 0.680
(Table continued)
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Table 4.2. - Continued
Sample Area
mm2
Smax
MPa
TD2
mm
TD1
mm
NDmax
mm
K1
N/mm3
K2
N/mm3
Strict
MPa
miu
A15S4-10 7163.6 1.718 2.53 1.21 1.72 0.333 0.994 0.477 0.864
A15S4-2 7201.8 1.987 4.87 2.60 2.08 0.157 0.728 0.507 0.918
A15S4-4 7201.8 1.838 3.44 1.83 1.22 0.260 0.848 0.366 0.662
A15S4-5 7201.8 2.068 3.66 2.01 1.16 0.321 0.880 0.394 0.713
A15S4-8 7201.8 1.858 3.81 1.21 1.91 0.272 0.623 0.337 0.610
A15S3-10 7163.6 2.032 3.59 1.50 1.60 0.276 0.791 0.315 0.760
A15S3-2a 7201.8 2.184 4.40 1.58 3.22 0.254 0.666 0.578 1.396
A15S3-2b 7201.8 1.899 4.07 1.79 1.87 0.202 0.692 0.282 0.682
A15S3-5 7201.8 2.089 3.41 1.21 1.60 0.308 0.802 0.276 0.665
A15S3-7 7201.8 2.238 4.58 1.17 2.92 0.284 0.615 0.273 0.660
A15S2-2 7240 1.882 3.74 1.25 2.50 0.264 0.628 0.295 1.068
A15S2-3 7201.8 2.075 4.25 2.01 2.84 0.196 0.794 0.367 1.329
A15S2-5a 7201.8 1.967 5.49 3.19 2.93 0.144 0.623 0.178 0.646
A15S2-5b 7201.8 1.926 3.08 1.21 1.40 0.329 0.827 0.176 0.637
A15S2-8 7201.8 1.465 3.41 1.72 1.38 0.196 0.689 0.194 0.703
A15S1-10 7201.8 1.851 3.81 1.06 2.76 0.177 0.624 0.006 0.044
A15Sl-4a 7240 1.842 3.81 2.16 2.45 0.170 0.797 0.078 0.567
A15Sl-4b 7240 1.707 3.99 2.05 2.17 0.130 0.784 0.074 0.536
A15S1-8 7201.8 1.465 7.33 1.25 1.63 0.294 0.538 0.081 0.589
A15S1-9 7201.8 2.184 4.10 1.50 2.62 0.181 0.776 0.057 0.410
B35S4-10a 7201.8 0.997 3.33 1.28 0.90 0.243 0.353 0.439 0.796
B35S4-10b 7201.8 0.773 2.93 1.14 0.68 0.249 0.311 0.386 0.698
B35S4-5a 7201.8 0.963 3.41 1.25 1.06 0.270 0.276 0.436 0.790
B35S4-5b 7240 0.803 3.04 1.28 0.49 0.269 0.282 0.401 0.726
B35S4-7 7201.8 0.875 3.19 1.03 0.80 0.306 0.270 0.434 0.786
B35S3-4a 7201.8 1.085 3.81 1.50 1.16 0.233 0.309 0.333 0.803
B35S3-4b 7201.8 0.977 4.29 1.50 1.45 0.126 0.301 0.411 0.991
B35S3-5 7163.6 0.941 3.37 1.54 1.01 0.236 0.273 0.358 0.864
B35S3-7 7240 0.985 3.88 1.50 2.01 0.253 0.269 0.587 1.417
B35S3-8 7201.8 0.963 3.52 1.39 1.06 0.274 0.313 0.338 0.816
B35S2-2 7201.8 0.773 3.08 1.50 1.40 0.197 0.255 0.229 0.831
B35S2-5a 7125.6 1.056 3.63 1.50 1.75 0.201 0.365 0.186 0.673
B35S2-5b 7240 0.783 5.53 3.52 1.24 0.098 0.197 0.336 1.216
B35S2-7 7201.8 0.726 5.16 2.53 2.81 0.073 0.194 0.521 1.886
B35S2-8 7201.8 0.922 4.40 2.20 1.56 0.086 0.316 0.347 1.255
B35S1-10 7201.8 0.671 3.04 1.54 1.48 0.164 0.251 0.087 0.629
B35S1-2 7163.6 0.777 3.92 2.01 1.51 0.123 0.270 0.178 1.289
B35S1-4 7163.6 0.723 3.66 1.54 1.70 0.158 0.228 0.115 0.833
B35S1-5 7240 0.816 3.00 1.21 1.35 0.221 0.310 0.092 0.667
B35S1-9 7201.8 0.787 2.86 1.21 1.26 0.219 0.293 0.108 0.779
(Table continued >
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Table 4.2. - Continued
Sample Area
mm2
Smax
MPa
TD2
mm
TD1
mm
NDmax
mm
K1
N/mm3
K2
N/mm3
Sfirict
MPa
miu
B25S4-10a 7163.6 1.554 4.40 2.05 1.33 0.157 0.521 0.413 0.748
B25S4-10b 7163.6 1.575 4.18 1.61 1.48 0.254 0.469 0.384 0.695
B25S4-4 7240 1.477 4.54 2.09 0.88 0.120 0.476 0.426 0.772
B25S4-6 7316.8 1.816 3.99 1.54 1.81 0.283 0.565 0.384 0.695
B25S4-8 7163.6 1.779 4.14 1.54 1.47 0.226 0.591 0.376 0.681
B25S3-3 7278.4 1.597 3.99 1.65 1.60 0.202 0.544 0.318 0.767
B25S3-6a 7316.8 1.669 5.46 3.04 1.82 0.136 0.572 0.302 0.728
B25S3-6b 7316.8 1.635 4.29 1.06 1.94 0.114 0.522 0.293 0.707
B25S3-6c 7316.8 1.715 4.32 1.68 1.76 0.234 0.518 0.269 0.650
B25S3-8 7163.6 1.370 3.92 1.68 1.61 0.192 0.425 0.292 0.705
B25S2-2 7201.8 1.587 6.37 4.07 1.77 0.055 0.520 0.234 0.847
B25S2-3a 7201.8 1.580 6.15 4.10 2.25 0.087 0.563 0.202 0.733
B25S2-3b 7201.8 1.397 4.07 2.09 1.32 0.223 0.474 0.191 0.692
B25S2-4 7240J 1.619 4.32 2.05 1.89 0.217 0.511 0.184 0.666
B25S2-7 7240 0.830 3.08 2.05 1.60 0.182 0.333 0.170 0.615
B25S1-2 7240 1.471 4.10 1.50 1.94 0.217 0.450 0.105 0.759
B25S1-3 7240 1.437 3.66 1.50 2.60 0.256 0.527 0.061 0.442
B25S1-4 7201.8 1.940 5.20 2.56 2.59 0.134 0.602 0.110 0.798
B25S1-6 7316.8 1.715 6.01 3.52 2.37 0.182 0.476 0.100 0.726
B25S1-8 7163.6 1.554 4.43 1.54 1.39 0.152 0.468 0.085 0.619
B15S4-3 7201.8 2.231 6.01 4.03 1.53 0.148 0.497 0.364 0.659
B15S4-4 7240 2.280 5.13 2.49 1.44 0.114 0.787 0.384 0.696
B15S4-7 7240 1.781 4.03 2.09 1.33 0.181 0.742 0.290 0.525
B15S4-8 7201.8 1.505 3.55 2.09 1.03 0.257 0.608 0.365 0.661
B15S4-9 7240 2.543 4.69 2.53 1.25 0.203 1.018 0.375 0.678
B15S3-10a 7240.8 2.388 3.70 1.50 1.46 0.311 0.919 0.262 0.631
B15S3-10b 7201.8 1.228 2.82 1.50 0.88 0.288 0.618 0.292 0.706
B15S3-2 7240.8 2.644 3.66 1.54 1.71 0.392 1.008 0.283 0.684
B15S3-5 7240.8 2.448 5.02 2.23 1.81 0.138 0.831 0.687 1.658
B15S3-7 7240.8 2.044 3.59 1.54 0.81 0.310 0.800 0.257 0.620
B15S2-2a 7240 2.213 5.60 2.53 2.59 0.120 0.687 0.186 0.675
B15S2-2b 7240 2.496 4.91 2.12 1.94 0.102 0.887 0.200 0.723
B15S2-3 7201.8 2.272 5.75 2.64 3.08 0.137 0.606 0.238 0.863
B15S2-9a 7240 2.179 5.68 3.63 1.73 0.105 0.865 0.197 0.713
B15S2-9b 7240 2.314 4.91 3.00 1.65 0.207 0.954 0.176 0.636
B15Sl-9b 7240 2.422 6.26 3.22 2.41 0.101 0.759 0.081 0.584
B15Sl-9a 7201.8 2.116 3.33 1.10 1.98 0.288 0.841 0.076 0.551
B15S1-8 7201.8 1.838 5.05 4.03 3.05 0.376 0.331 0.084 0.611
B15S1-7 7240 1.221 3.04 1.65 1.57 0.201 0.611 0.088 0.637
B15S1-6 7240 2.132 3.44 1.06 2.65 0.303 0.804 0.069 0.498
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4.1.3. The effects of temperature, interface type and normal stress on model parameters
The scatter plots o f  the interface reaction modulus K2, interface strength Smax 
and friction coefficient, mu, are shown in Figures 4.3 to 4.8. From the charts it can be 
observed that, for both interface types, the temperature greatly affects the interface 
strength and reaction modulus; that both decrease with the increase in temperature.
Analysis o f Variance (ANOVA) can be use to investigate if the normal load, 
temperature or the interface type affect Smax, K and mu. Table 4.3 lists the F and the 
corresponding probabilities (p) o f  rejecting the hypothesis that the parameters o f  the 
constitutive model are not influenced by the normal load, temperature or the interface 
type. The values show that temperature and normal stress affect Smax, K and mu. The 
interface type affects affects only Smax and K but does not influence the value o f mu. 
The normal stress has the same effect on K but different effect on Smax at the three 
temperatures. For the two interface types, the temperature has the same effects on K, but 
different effects on Smax.
Table 4.3. Analysis o f Variance Results
Smax K mu
F P F P F P
o 4.28 0.007 2.53 0.062 4.42 0.006
T 277.0 0 241.4 0 5.83 0.004
Type 26.2 0 5.65 0.019 0.66 0.419
o - T 1.96 0.079 0.36 0.9 1.84 0.1
o • Type 1.26 0.291 1.17 0.325 0.92 0.435
T • Type 2.98 0.055 0.47 0.624 2.18 0.119
o • T • Type 1.0 0.433 0.81 0.562 0.81 0.563
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Figure 4.3. Interface reaction modulus for type A interface
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Figure 4.4. Interface reaction modulus for type B interface
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Figure 4.5. Interface strength for type A interface
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Figure 4.6. Interface strength for type B interface
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Figure 4.7. Friction coefficient for type A interface
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Figure 4.8. Friction coefficient for type B interface
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The results o f  the Analysis o f Variance performed separately for each interface 
type are presented in Table 4.4. The values indicate that the temperature affects the 
values o f Smax and K for both interface types, and mu only for the interface Type A.
The load level affects the values o f Smax, K and mu only for the interface type A. For 
interface type A, the temperature has the same effect on K but different effect o f Smax at 
different load levels. This later finding may be explained by the reduced contact surface 
between the aggregate grains at the interface in the case o f the interface without a tack 
coat when compared to the interface with tack coat. The increase in normal stress causes 
an increase in the area o f the contact surface and therefore, a  higher reaction modulus 
and a higher interface strength. When the tack coat is present, the increase in normal 
stress does not lead to an increase in the contact surface, and therefore the reaction 
modulus and the interface strength do not increase.
Table 4.4. Analysis o f  Variance for each Interface Type
Smax K mu
F P F P F P
INTERFACE TYPE A
o 9.61 0 3.55 0.021 2.85 0.047
T 268.2 0 174.7 0 0.47 0.63
o * T 2.79 0.02 0.27 0.948 1.53 0.188
INTERFACE TYPE B
a 0.63 0.601 0.89 0.454 2.50 0.070
T 99.8 0 90.6 0 7.35 0
a  * T 1.07 0.396 0.77 0.6 1.13 0.359
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Since the temperature affects all three parameters, regression models describing 
the dependency o f  these parameters to the normal stress at the interface, o, at each 
temperature are useful. The parameters o f simple linear regression models with a  as the 
independent variable and Smax, K  and mu as dependent variables are listed in Table 4.5. 
For each o f  the three temperature levels, the table also gives the values o f the index o f 
determination (R2) as well the probability (pslope) o f  rejecting the hypothesis that the 
normal stress does not affect the dependent variables.
Table 4.5. Regression Models o f Smax, K and mu with the Normal Stress
T (°C ) Average Regression Model R2 Pslope
INTERFACE TYPE A
Smax 15 1.9137 Smax = 1.794 + 0.346 • a 0.07 0.27
(N/mm2) 25 1.2256 Smax = 0.843 + 1.110 ■ o 0.53 0
35 0.7761 Smax = 0.569 + 0.601 • a 0.517 0
K2 15 0.7359 K = 0.653+ 0.241 o 0.116 0.14
(N/mm3) 25 0.4407 K = 0.3612+ 0.230 a 0.172 0.07
35 0.241 K = 0.179 + 0.181 • o 0.323 0.01
mu 15 0.723 mu = 0.491 + 0.672 • o 0.08 0.12
25 0.733 mu = 0.568 + 0.471 • a 0.12 0.13
35 0.785 mu = 0.782 + 0.010 • a 0 0.97
INTERFACE TYPE B
Smax 15 2.1147 Smax = 2.059 + 0.161 • a 0.004 0.8
(N/mm2) 25 1.5658 Smax = 1.505 + 0.177 • a 0.016 0.6
35 0.8698 Smax = 0.740 + 0.377 • a 0.24 0.03
K2 15 0.7586 K = 0.704+ 0.159 a 0.02 0.55
(N/mm3) 25 0.506 K = 0.482 + 0.069 o 0.03 0.46
35 0.281 K = 0.254+ 0.081 a 0.08 0.21
mu 15 0.700 mu = 0.615 + 0.247 • o 0.03 0.5
25 0.702 mu = 0.665 + 0.108 • o 0.04 0.39
35 0.937 mu = 1.046 - 0.315 • o 0.02 0.5
o is t le normal stress, in N/mm2
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4.2. The Shear Fatigue Properties of the Asphalt-to-Asphalt Interface
4.2.1 Shear fatigue curves
Shear fatigue tests at constant ratio between the normal and the shear stresses 
have been performed on asphalt-to-asphalt interfaces for the two interface types, and at 
four normal pressure levels. Four replicates were tested for each interface / normal stress 
combination. All fatigue tests were performed at the same temperature o f 25 °C. The 
normal and shear displacements at the interface and as well as the vertical load and 
displacement were continuously recorded during testing. Details o f  the testing procedure 
are given in the previous chapter. The codes used for identifying the testing conditions 
for each specimen are given in Table 4.6. The first character in the code, F, was used to 
distinguish the specimens tested in fatigue from those tested in direct shear.
Table 4.6. Sample Coding in the Shear Tests at Constant Normal Load
Character Code Significance
FxL - A Interface Type A - No Tack Coat
B Interface Type B - With Tack Coat
F Lx- 1 Normal Stress 1.25 MPa (182 psi)
2 Normal Stress 1.0 MPa (145 psi)
3 Normal Stress 0.75 MPa (109 psi)
4 Normal Stress 0.5 MPa (73 psi)
F_L_-x_ 2 to 10 Lane from which the specimen was extracted
F_L_-_x a, b, c Duplicates for the same testing conditions and the same lane
Example : FBL3-3 - Interface with tack coat, normal stress 0.75 MPa, specimen 
extracted from lane 3
A typical evolution o f permanent shear displacement (PSD) with the number of
load cycles is given in Figure 4.9. Two stages can be identified in the increase o f PSD:
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Fatigue Tests
failure
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Figure 4.9 Typical curve for permanent shear displacement vs. load cycles
-  Initial stage, where the contact between the specimen and the metal fixtures is 
not well established. This leads to errors in the measurement o f the shear and 
normal displacements. It is also possible that the aggregate grains at the interface 
rearrange their position relative to each other so that the resistance to shear 
movement increases. After an optimum position is reached, the shear resistance 
cannot increase and the second stage starts. The point o f change in the rate o f 
increase o f the PSD, that defines the end o f this stage, has been selected visually 
from each chart.
-  Linear developing stage, where PSD increases at a  constant rate with the number 
o f load cycles. The shear stress is uniformly distributed over the interface area, 
the contact between the specimen and the metal fixtures and the optimum 
position between the aggregate grains at the interface are established. PSD 
increases up to the point when the interface fractures. Friction between the layers 
in contact at the interface will continue to oppose the relative movement o f the 
two layers. The linear trend has been observed for all specimens tested, as shown 
in Figures 4.10 to 4.17.
It is difficult to determine the failure point, because cracks can initiate at the 
interface but their extent cannot be evaluated. In some instances, cracks were visible at 
the interface all around the asphalt specimen. Testing was stopped but the two layers 
could not be separated. This clearly indicated that the breaking point cannot be defined 
by visual observation o f the cracks. Also, after failure, some resistance to the shear 
movement still exists due to the friction between layers, and the load cycling may 
continue even the layers are separated at the interface.
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Fatigue Tests - FAL1
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Figure 4.10. Permanent shear displacement in the fatigue tests - FAL1
Fatigue Tests - FAL2
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Figure 4.11. Permanent shear displacement in the fatigue tests - FAL2
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Fatigue Tests - FAL3
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Figure 4.12. Permanent shear displacement in the fatigue tests - FAL3
Fatigue Tests - FAL4
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Figure 4.13. Permanent shear displacement in the fatigue tests - FAL4
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Fatigue Tests - FBL1
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Figure 4.14. Permanent shear displacement in the fatigue tests - FBL1
Fatigue Tests - FBL2
4 —
Q 2 
CO
FBL2-6
FBL2-7
FBL2-8a
FBL2-8b
0 500,000 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000
cycles
Figure 4.15. Permanent shear displacement in the fatigue tests - FBL2
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Fatigue Tests - FBL3
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Figure 4.16. Permanent shear displacement in the fatigue tests - FBL3
Fatigue Tests - FBL4
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Figure 4.17. Permanent shear displacement in the fatigue tests - FBL4
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4.2.2. Parameters of the shear fatigue model
The minimum set o f parameters that must be computed in order to characterize 
the evolution o f  PSD with number o f  load repetitions are:
-  SD - the PSD value for which the rate o f increase o f PSD stabilizes (point 1)
-  C  - number o f  load cycles where the rate o f increase o f  PSD stabilizes (point 1)
-  ND1 - the number o f load cycles, beyond C, that produces an increase o f PSD o f 
1 mm.
The SD parameter is the most affected by the inappropriate contact between the 
metal fixtures and the specimen. Permanent shear displacements o f 1-2 mm have been 
measured after only 50 to 100 load cycles. To ensure a good contact, conditioning cycles 
should be applied before the fatigue test is started. Therefore, SD cannot be considered 
as a reliable parameter for describing the evolution o f PSD with the load cycles.
Table 4.7 lists the ND1 values computed from the PSD curve for each specimen 
using linear regression. The R2 value for each regression model, indicates that the linear 
model fits the relationship between the PSD and the number o f load repetitions.
The values in Table 4.7 indicate that ND1 varies greatly even for the same 
pressure level. The highest variation was evident for interface Type B, possible due to 
variations in the thickness o f the tack coat film that generates variation in the contact 
surface between the aggregate grains at the interface. The smallest variation was 
obtained for the interface without a tack coat, at the lowest pressure level. Only for the 
highest normal load, was ND1 greater for the interface without a tack coat This 
suggests that the interface type B, with tack coat, has a longer life than the interface 
without the tack coat.
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Table 4.7. Number of Cycles to an Increase of PSD of 1 mm
Interface Type A Interface Type B
ND1 C R2 ND1 C R2
FA Ll-8a 905,276 150,400 0.948 FBLl-9a 21,459 20,400 0.998
FA Ll-8b 173,653 150,400 0.990 FBLl-9b 21,531 21,200 0.999
FAL1-9 189,511 150,400 0.965 FBL1-3 312,823 50,000 0.961
FAL1-10 348,175 150,400 0.969 FBL1-7 318,886 100,000 0.987
Average 404,154 Average 168,675
C.V. (% ) 74 87
FAL2-4 665,276 102,400 0.985 FBL2-6 1,191,226 201,600 0.993
FAL2-6a 212,409 102,400 0.942 FBL2-7 1,568,329 249,600 0.969
FAL2-6b 731,089 102,400 0.957 FBL2-8a 1,711,118 249,600 0.944
FAL2-7 524,231 102,400 0.968 FBL2-8b 187,597 51,200 0.999
Average 533,251 Average 1,164,567
C.V. (%) 37 C.V. (%) 51
FAL3-7 1,241,525 150,400 0.916 FBL3-2 1,045,358 252,800 0.993
FAL3-8 966,787 150,400 0.95 FBL3-4 1,059,449 201,600 0.965
FAL3-9 1,311,889 150,400 0.972 FBL3-8 2,445,145 150,900 0.989
FAL3-10 1,135,010 150,400 0.976 FBL3-10 1,229,542 201,600 0.982
Average 1,163,803 Average 1,444,874
C.V. (% ) 11 C.V. (%) 40
FAL4-3 1,937,342 102,400 0.927 FBL4-6a 3,987,362 150,400 0.700
FAL4-8 1,886,188 102,400 0.985 FBL4-b 3,656,983 150,400 0.963
FAL4-9 1,676,689 102,400 0.964 FBL4-6b 1,707,042 150,400 0.941
FAL4-10 2,111,430 102,400 0.930 FBL4-7 1,433,148 150,400 0.943
Average 1,902,912 Average 2,696,134
C.V. (% ) 8 C.V. (%) 42
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Analysis o f Variance (ANOVA) can be used to investigate if ND1 is influenced 
by the interface type and by the magnitude o f  shear and normal stresses at the interface. 
The results o f  the ANOVA test, reported in Table 4.8 indicate that the load level affects 
ND1 significantly, with ND1 increasing as the magnitude o f the stresses decreases. The 
hypothesis that interface type does not significantly affect ND1 cannot be rejected at 
95% confidence level, but can be rejected at 90% confidence level. The ANOVA also 
revealed that the load level had the same effects on ND1 for both interface types.
Table 4.8. ANOVA Analysis on ND1
F P-value
Interface Type 2.98 0.097
Load 16.01 0
Load * Interface Type 1.14 0.35
4.3. Condition o f the Interface between the Surface and the Base Layers
4.3.1. Asphalt surface - soil cement base interface
Push-off tests have been performed on asphalt concrete slabs in order to 
determine the shear strength o f the surface - base interface. Ten asphalt concrete slabs 
were loaded with a vertical force and pushed horizontally at constant displacement rate 
o f 0.85 mm/second (2 in/min.) until the slab separated from the soil-cement base course. 
The applied horizontal force as well as the horizontal displacement were recorded.
The tests were performed at three levels o f  normal load: level 1- 5.5KN, level 2 - 
11.04 KN and level 3 - 25.6 KN. The code used for the identification o f the tests is 
composed o f  three characters: the letter P, to designate the push off tests, followed by a 
number designating the load level and the slab number.
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The stress-displacement curves for the ten slabs are shown in Figures 4.18 to 
4.20. After a rapid increase o f the shear stress the interface fails at a small shear 
displacement. The shear stress drops and then stabilizes at a constant level when the 
asphalt slab is completely separated from the soil-cement base. The maximum shear 
stress recorded during the test is the shear strength o f  the interface. The steady shear 
stress level in the post-failure part o f the curve is the friction resistance to the slip of the 
slab on the soil-cement base. The friction coefficient can be defined as the ratio o f  the 
friction resistance stress and the normal stress.
The curves indicate that the shear displacement at break is less than 0.2 mm, 
much smaller than the shear displacement at failure for the asphalt-to asphalt interface, 
mainly because the soil-cement is more brittle than the asphalt concrete which can more 
easily accumulate plastic deformations.
The values o f the shear strength, the shear displacement at break, friction stress 
and the friction coefficient for each push off test are given in Table 4.9. They clearly 
indicate that the shear strength o f  the interface increases with the normal stress. 
Unfortunately, the push off tests were not performed at high normal forces (500 to 
600 kPa), equivalent to those developed at the surface-base interface under a loaded 
truck wheel because o f  experimental limitations.
The friction coefficient takes values between 0.9 and 1.20 and is almost the same 
for all three load levels. Since it is expected that the traffic could lead to polishing of the 
two surfaces at the interface, and that water also may be present at the interface, the 
friction coefficient will decrease significantly in practice.
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Normal Load 5.5 KN
80
40 P11
P12
CO 20
Shear Displacement (mm)
Figure 4.18. Push off tests - normal load level 1
Normal Load 11.04 KN
100
80
P21
60
CO
CO P22
CO 40
P23
P24
Shear Displacement (mm)
Figure 4.19. Push off tests - normal load level 2
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Normal Load 25.63 KN
200
| 100 
GO
0 1 2 3 5 64
Shear Displacement (mm)
Figure 4.20. Push o ff tests - normal load level 3
Table 4.9. Results o f  the Push Off Tests
Test Slab
Number
Area
(m2)
Normal
Load
(kN)
Normal
Stress
(kPa)
Max. Shear 
Stress 
(kPa)
Displ. at 
Break 
(mm)
Friction
Stress
(kPa)
Friction
Coefficient
P l l 1 0.2485 5.500 22.14 54.39 0.052 2 0 -2 5 0.90-1 .13
P12 2 0.2627 5.500 20.93 73.26 0.066 2 0 -2 5 0 .90-1 .19
P21 3 0.2532 11.036 43.59 61.64 0.087 4 0 -5 0 0.92-1 .15
P22 4 0.2532 11.036 43.58 79.93 0.166 4 0 -5 0 0.92-1 .15
P23 5 0.2532 11.036 43.58 83.43 0.138 4 0 -5 0 0.92-1 .15
P24 6 0.2532 11.036 43.59 86.34 0.166 4 0 -5 0 0.92-1 .15
P31 7 0.2595 25.632 98.78 172.14 0.172 9 0 -1 0 0 0.91 - 1.01
P32 8 0.2660 25.632 96.36 162.30 0.142 90 - 100 0 .93-1 .04
P33 9 0.2580 25.632 99.36 172.60 0.0125 9 0 -1 0 0 0.91 - 1.00
P34 10 0.2675 25.632 95.81 112.20 0.152 90 - 100 0 .93-1 .04
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After the interface has failed, the slabs were turned upside-down to examine the 
shearing surface. On all slabs, 10-20 mm o f soil-cement material remained bonded to the 
asphalt concrete slab, as shown in Figure 4.21. This clearly indicates that the failure does 
not develop at the interface between the asphalt and the soil-cement, but that the soil- 
cement fails in shear. Therefore, improvements to the adhesion between the asphalt 
surface course and the soil-cement base layer, by changing the type and quantity o f prime 
coat material, will not delay the shear failure. When the stresses and the strains in the 
pavement structure are computed, it is appropriate to consider that the failure develops 
at the interface since the failure plane is at less than 25 mm below the asphalt layer.
4.3.2. Asphalt surface - cmshed stone base interface
Several push off test were performed on the interface between the asphalt 
concrete layer and the crushed limestone base. Even at the smallest normal load level 
(5.5KN), the horizontal force necessary to separate the slab from the base layer was 
higher that the capacity o f  the actuator, and much higher than the force used to separate 
the slabs from the soil-cement base, indicating a strong adhesion. Even though the 
interface did not break due to shear, the slabs could be easy turned upside-down. It was 
then observed that the large stone grains remain adherent to the base o f  the asphalt slabs 
and the separation is below the interface, within the limestone layer (Figure 4.22).
Considering that the crushed stone base layer has a  much smaller elastic modulus 
than the asphalt layer, horizontal movement o f the bottom o f the asphalt layer is allowed 
by the stone base and will not lead to interface failure. This indicated that, in the 
structural modeling o f  the layers, the full adhesion can represent well the condition o f the 
interface between the asphalt surface layer and the crushed stone base.
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Figure 4.21. The asphalt surface / soil-cement base interface after shear failure
Figure 4.22. The asphalt surface - limestone base interface
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5. INFLUENCE OF INTERFACE CONDITION ON PAVEMENT LIFE
The behavior of in-service pavements indicates that the condition o f the bonding 
between pavement layers plays an important role in the performance o f the road 
structures. Premature failure o f  road sections due to layer separation, leading to 
redistribution o f stresses and strains in the pavement structure is often encountered, 
especially in areas where the vehicles are more likely to apply horizontal forces eg. 
intersection, steep ramps, small radius curves.
In the computation o f the critical stresses and strains, most o f the mechanistic 
design procedures o f flexible pavement structures consider that pavement layers are 
completely bonded or completely unbonded. The two extreme situations do not model 
accurately the real situation, in which there is neither complete slip between layers, nor is 
the bond strength o f the interface close to the bond strength of adjacent materials. This 
unrealistic modeling o f the interface may lead to inappropriate design o f layer thicknesses 
and an inaccurate estimation o f the life o f pavement structures. Therefore, structural 
design methods should include realistic models for layer interfaces and should consider 
the presence of horizontal forces acting at the pavement surface.
Due to the complexity o f layered structures, material models and loading 
conditions, no exact solution has been developed for the calculation o f stresses, strains 
and displacements in pavement structures. O f the approximate methods that allow stress- 
strain computations for these complex conditions, the finite element method (FEM) is 
becoming most popular, since it can address many aspects important for the modeling o f 
the road structure: the nonlinear behavior o f pavement materials, discontinuities (cracks
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and interfeces), boundary conditions (joints, shoulders) dynamic loading and temperature 
effects. Along with several FEM based pavement structural analysis computer programs 
(eg. ILLI-SLAB, JSLAB, KENSLAB, ILLI-PAVE, MICHPAVE, WESLAYER AND 
KENLAYER), general finite element programs (ABAQUS, SAP, ADINA) can be used 
for the analysis o f road structures. The latest models offer the possibility o f including 
constitutive material models and interface models, already existing in a library o f 
elements and material models, or able to be defined by the user. This latter option offers 
flexibility in incorporating new material and interface models and allows the verification 
o f such models, and the determination of the influence o f model parameters on the 
stress-strain and displacements. This chapter illustrates modeling the flexible pavement 
layer interfaces with the ABAQUS general purpose FEM program, and presents a case 
study that shows the effects o f interface condition on the expected life o f the pavement.
5.1 Interface Models in the ABAQUS FEM  Program 
In the last decade, ABAQUS (47) has gained popularity in solving stress, strain 
and displacement problems in layered pavements involving non linear subgrades and 
foundation layers and, dynamic loading. Several studies (•46.48.49.50.51.52) led to the 
calculation o f  stresses and strains for complex problems: moving, multiple loads, 
doweled and undoweled plain joints in concrete pavements, curling and warping o f PCC 
slabs due to temperature and moisture gradients, widened lanes and tied concrete 
shoulders, aggregate interlock across the cracks in the base course.
The ABAQUS program offers a series o f joint elements that can be used to 
model interfaces. The joint elements (JOINTC) are two-node elements, have no
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dimension and are made up o f translational and rotational springs and parallel dashpots in 
a local, co-rotational coordinate system. Up to six SPRING and six DASHPOT options 
may be included to define the joint behavior. I f  no specification is given for a particular 
local relative motion in the joint, the joint is assumed to have no stiffness with respect to 
that component. The joint elements cannot model friction between layers, since the 
tangential stress at the interface depends only on the tangential displacement and its 
derivatives, and not on the normal stresses.
Joint elements, with stiffness assigned in the z-direction only were used by 
Hammons (46) to model the dowel joints and joint transfer across cracks in the base 
course o f a Jointed Reinforced Portland Cement Concrete (JRPC). In this case, the load 
transfer across the cracks or the dowel joints was implicitly a  shear only mechanism, with 
no load transfer due to bending.
The interface between layers can be efficiently modeled by the ABAQUS contact 
interaction feature. The contact interaction feature is commonly used to model friction 
between surfaces o f two rigid or elastic bodies that move against each other. Depending 
on the dynamics o f the system and the forces acting at the contact between the two 
surfaces, the two surfaces can penetrate each other or do not necessarily remain in 
contact during the movement. Heat transfer across the interface, heat generation due to 
friction, or fluid flow tangential to the interface in pore pressure contact elements can be 
also included in the model.
In the contact interaction feature, a master and a slave surface must be defined. 
During the steps o f the analysis, the slave surface will slide on the master surface. When
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the master surface is defined as rigid, the slave surface will follow the shape o f the 
master surface without deforming it. When the master surface is flexible, both surfaces 
can deform. In each step o f  the analysis, the ABAQUS program calculates the smallest 
distance between the nodes o f  the slave surface and the master surface, and the relative 
movement between the nodes and the master surface. At each step, nodes o f the slave 
surface can follow, penetrate or leave the master surface. Several pressure-clearance 
relationship can be modeled for the case where the ‘slave’ nodes can leave the master 
surface:
a) “sticky” contact, in which negative pressure, up to a  limited value, can be 
transmitted across the interface
b) “no separation” contact in which breakage o f interface contact conditions cannot 
occur once they have been established
c) “softened” contact in which the pressure changes continuously as function o f  the 
clearance
d) ‘damped” contact in which a  viscous pressure is transmitted as the surface come 
into contact or separate.
The contact interaction feature can be conveniently adapted to model the 
interface between pavement layers. The layers at the interface can be considered as two 
rigid bodies moving against each other. The particularity of the problem is that the area 
of contact is large and that the surfaces remain always in contact, no gap opening being 
allowed. The “no separation” option must be used in this case.
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The stress-displacement relations that describe the contact between the two 
surfaces in contact at a pavement layer interface can be modeled as:
a) ‘tied’ condition. In this case, each node o f the slave surface is tied to the nearest 
node on the master surface. The two nodes will have the same displacements and 
rotations, they are tied together.
b) simple friction, completely characterized by a friction coefficient, mu. The 
resistance to movement is proportional to the normal pressure at the interface.
c) ‘stick’ condition for which the relative tangential displacement at the interface is 
proportional with the tangential stress, when the tangential stress is smaller than 
the allowable value, xmax. The interface reaction modulus (or stress/displacement 
ratio), K, and the maximum tangential stress, , do not depend on the level o f 
the normal stress at the interface. The modulus K is not an input variable, but the 
slip tolerance, the maximum elastic displacement at ‘stick’, dmax=Tmax / K . When 
t reaches Tmax , or d  reaches , the interface condition is converted to a simple 
friction condition, characterized by a friction coefficient, p.
d) a user defined condition, for which the relationship between the tangential stress 
and displacement must be described in incremental form. The relationship may 
include terms such as the magnitude o f the normal load, temperature and speed 
o f  the relative movement between the two surfaces.
A separate subroutine, ‘FRIC’, in FORTRAN 77 programming language, needs 
to be added at the end o f the input file to include an user defined model for the contact 
interaction. The subroutine must include the value o f maximum tangential stress Tmax, for
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which the condition changes to a simple friction, described by the friction coefficient p. 
Only one user defined contact interaction model can be included in the ABAQUS input 
file, but this may be used in describing the condition o f more than one similar interface.
If  the nodes are tied, no restrictions o f degrees o f  freedom may be assigned to 
nodes on the slave surface, only to nodes on the master surface, when the boundary 
conditions are defined. For the other three cases, boundary conditions can be assigned to 
nodes from both surfaces in contact.
5.2. Finite Element Model Description
5.2.1. Mesh description
The finite element program ABAQUS was used to study the effect o f interface 
condition on the development o f  stresses and strains in a pavement structure. As 
described in Chapter 2, most mechanistic structural design methods for flexible 
pavements are based on response models assuming that loads are acting at a pavement 
surface in the vertical direction only. I f  horizontal forces act at the same time with the 
vertical forces, the development o f  significant shear between the layers o f the pavement 
structure, especially between the top layers, is expected. This case is likely to be the most 
critical not only for the integrity o f  the bonding between layers, but it can have 
significant effects on the development o f tensile stresses in locations where they do not 
appear when only the vertical loads are present.
To address these issues, two separate situations were considered for the finite 
element analysis. The first situation is when a horizontal load, half o f the vertical load in 
magnitude, was acting at the pavement surface in conjunction to the vertical load on the
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same circular area. In the second situation, only a vertical load was considered, in order 
to study the influence o f interface condition on pavement life and the magnitude o f 
surface deflection. I f  in the second situation the geometric o f  the problem is symmetric to 
the x-z and y-z planes in both situations, in the first situation, the load is symmetric only 
to the x-z plane. Therefore two separate finite element meshes need to be constructed. 
The first case simulates half of a  semi-infinite multilayer system, with x-z the symmetry 
plane ( Mesh I - Figure 5.1). The second case simulates a quarter o f a semi-infinite 
multilayer system, with x-z and y-z as symmetry planes (Mesh II - Figure 5.3).
The same layer thicknesses were used for meshes, following the thicknesses o f 
Lane 2 and 8, the two ‘benchmark’ test sections o f  the Louisiana first accelerated 
pavement test experiment (Table 3.1). The modeled pavement structures, one semi-rigid 
and one flexible are presented in Table 5.1. A depth from the surface to a rigid surface o f 
7.8 m (308 inches) was considered for both meshes.
Table 5.1. Pavement Structures Modeled in the Finite Element Analysis
Layer Thickness No. o f layers 
o f elements
Material Modulus / 
Poisson’s ratio
Wearing 38mm (1.5 in.) 1 AC 3.1 GPa/0.3
Binder 50 mm (2 in.) 1 AC 3.1 GPa/0.3
Stabilized Base 
(Granular Base}
215mm (8.5 in.) 2 soil-cement 
(crushed stone}
1.0 G Pa/0.25 
(350 MPa/0.4}
Subgrade - layer 1 406 mm (16 in.) 2 A4 soil 83 MPa/0.45
Subgrade - layer 2 7.11 m (280 in.) 6 A7 soil 24.3 MPa/0.45
AC - asphalt concrete
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Because o f  restrictions in terms o f execution times and memory requirements, a 
relatively coarse mesh was constructed for Mesh I (Figure 5.1 and 5.2). The half o f the 
semi-infinite multilayer system was considered to be resting on a fixed support. The 
movement o f  nodes on the back and the front wall was restricted along direction 1 (the x 
axis), while the movement the nodes on the side wall was restricted along direction 2 
(the y axis). The appropriate boundary conditions were set for the nodes on the x-z 
symmetry plane.
The front and the back limits were placed at 3.42 m (135 in.), while the lateral 
limit was placed at 3.8m (150 in.) from the center o f  the load. The use o f  infinite 
elements or foundation type support (described by the soil support ‘k’ values) at the 
three feces are better options than the movement restriction for the nodes, but this was 
not used due to limitations in execution time and the available memory.
Figure 5.1 The Finite Element Model - Mesh I
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Figure 5.2 Top and lateral view o f Mesh I
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A relatively finer mesh was constructed for Mesh II (Figures 5.3 and 5.4). The 
quarter o f the semi-infinite multilayer system was considered to be resting on a fixed 
support, placed at the same depth as for Mesh I. The appropriate boundary conditions 
were set for the nodes on the x-z symmetry plane, and for the y-z symmetry plane. 
Infinite 3-D eight node elements (CIN3D8) were used for the back and the lateral side o f 
the structure.
Figure 5.3 The Finite Element Model - Mesh II
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32 1
Figure 5.4 Top and side view o f Mesh II
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The ABAQUS runs were performed on a Silicon Graphics Computer. Memory 
limitations imposed the use o f eight node solid elements (C3D8) for both meshes. A 
better solution can be obtained if 27-node solid elements (C3D27), with full or restricted 
integration are used, as recommended by Hammons (46). All materials were considered 
as being linear elastic to reduce the number o f  iterations to a convergent solution.
For both meshes, only static loads were applied. The ABAQUS program allows 
only normal distributed forces to be defined acting on the sides o f solid elements. The 
tangential forces need to be distributed at nodes. The loading simulated the action o f a 
circular distributed load, with a radius o f  0.15m (6 in.), but the tire imprint was 
approximated with a surfaces composed o f 12 and 6 squares, for Mesh I and II 
respectively. The load modeling is described in Figure 5.5.
A - Mesh I B - Mesh 31
Figure 5.5 Load distribution area
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5.2.2. Layer interface modeling
Four interface conditions were used to model the asphalt-to-asphalt interfaces, using the
surface interaction option :
a) full-bonding between layers, by using the ‘tied’ condition. This is the hypothesis 
currently used in most mechanistic design methods.
b) Simple friction, the only parameter being modeled is the friction coefficient. This 
situation is encountered in the field if the bonding between layers is lost. The 
value for the friction coefficient (mu=0.7) was obtained from the direct shear test 
with a normal load. The value will probably decrease with time since the two 
surfaces in contact will polish when they move one against the other, but no 
information on the friction after the two layers become separated was found in 
the literature.
c) ‘stick’ condition. The ratio o f the tangential stress and displacement ( t  /d) is 
constant if  the tangential stress is smaller than the shear strength o f  the interface, 
Tmax, and does not depend on the magnitude o f the normal stress. This is the case 
o f  the interface with tack coat, for which the maximum shear strength Tmax and 
the x /d does not depend on the normal stress. The values selected for the 
analysis were obtained from the direct shear test with normal load at 25 °C, Tmax= 
1.415 MPa (205 psi), and K= t  / d = 0.885 MPa/mm. From here, d ,^  = Tmax / K 
= 1.6mm (0.063 in.). When t  = Tmax, the interface condition changes to simple 
friction, with mu=0.7
d) user defined ‘stick’ condition. This was used to simulate the condition o f 
interfaces without a tack coat, for which the interface reaction modulus, K,
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depends on the magnitude o f  the normal stress. The following relationships were 
used to describe the interface condition (Table 4.5):
[kPa] = 842.5+7.66*o[kPa] and K[MPa/mm] = 0.361 + 0.2307-O [MPa] 
Tmax [Psi] = 122.03+1.1 l*o[psi] and K[psi/in] = 1328.5 + 5.86*o[psi]
When x = the interface condition changes to simple friction, with mu=0.7. 
Two surface interaction options were used for modeling asphalt surface -soil 
cement base interfeces: the full bond condition using the ‘tied’ option, and the simple 
friction condition, described by the friction coefficient, mu=0.5. The asphalt surface was 
considered fully bonded to the crushed stone base layer, and was modeled using the 
‘tied’ option.
5.2.3. Finite element models
To take into consideration an analysis methodology that incorporates the 
condition o f the interfaces, between the wearing and binder asphalt courses and, binder 
and the base course, as well as the horizontal forces that may act at the pavement 
surface, a series o f finite element models were executed. Table 5.2 summarizes the cases 
indicating the model options in each case.
Two sample ABAQUS files with explanatory comments are listed in Appendix B, 
one for the cases Mesh I and the second for cases Mesh II. The options used for the 
describing the interface conditions are clearly indicated for each case. The FORTRAN 
subroutine, ‘FRIC’, modeling the user defined interface condition is also provided. 
Imperial units o f measure were used for distance and stresses and forces were used in 
both input files, the results being later converted to International System o f units.
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Table 5.2. Finite Element Analysis - Cases Studied
Case FE
Mesh
Vertical
Load
Wearing-Binder
Interface
Binder-Base
Interface
Base Material
01 I no tied tied soil-cement
A I yes tied tied soil-cement
B I yes ‘stick’, d ^ , Tmax tied soil-cement
C I yes friction, mu = 0.7 tied soil-cement
D I yes user defined tied soil-cement
E I yes tied friction, mu= 0.5 soil-cement
F I yes ‘stick’, d ^ , friction, mu= 0.5 soil-cement
G I yes friction, mu = 0.7 friction, mu= 0.5 soil-cement
H I yes user defined friction, mu= 0.5 soil-cement
I II no tied tied soil-cement
J II no ‘stick’, d ^ , tied soil-cement
K II no friction, mu = 0.7 tied soil-cement
L n no user defined tied soil-cement
M i i no tied friction, mu= 0.5 soil-cement
N i i no ‘stick’, d ^ , t max friction, mu= 0.5 soil-cement
P i i no friction, mu = 0.7 friction, mu= 0.5 soil-cement
Q n no user defined friction, mu= 0.5 soil-cement
02 i no tied tied crushed stone
R i yes tied tied crushed stone
S i yes stick , d,,^ , xmax tied crushed stone
T i yes friction, mu = 0.5 tied crushed stone
U i yes user defined tied crushed stone
V n no tied tied crushed stone
X ii no ‘stick’, d L , , r max tied crushed stone
Y ii no friction, mu = 0.7 tied crushed stone
z n no user defined tied crushed stone
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The input files give the element dimensions for the two meshes and also indicates 
the procedure for constructing the mesh. It is important to note that, when describing an 
interface, the two layers cannot be modeled as two completely separated bodies, even 
when the nodes on both sides o f the interface are ‘tied’. The problem becomes a 
mechanism and can be unstable. Therefore, far from the load, the elements on the two 
layers must have common nodes so that the structure is continuous.
To address this problem, front, back and lateral walls o f  elements were 
constructed. These walls are the limits o f  the interfaces, so they must be placed as far as 
possible from the position o f the loads. Walls o f  four elements thick were used for Mesh 
I, while the back and the side walls of Mesh II were one element thick.
5.3. Analytical Model Results
5.3.1. Transfer functions
The mechanistic design procedures for pavement structures relate pavement life 
with the magnitude o f  stresses and strains in the structure. The stresses and strains in the 
layered structure, generated by a standard load, are computed first, using the principles 
of the strength o f materials, mechanics and physics. From the magnitude o f stresses and 
strains, transfer functions are then used to compute pavement life, expressed as the 
number o f standard load repetitions at which the pavement reached a certain degradation 
limit, considered as failure.
The transfer functions are developed from laboratory and field tests and include 
parameters related to material properties or testing conditions (temperature, load 
frequency) and are associated with a certain degradation level. The transfer functions can 
also be used in the design process to compute the allowable strains in the structure so
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that the pavement will have the desired life. The thickness o f the layers or material types 
need to be selected so that the strains are smaller that the allowable values.
The horizontal strains at the bottom o f the asphalt surface and stabilized base 
layers are generally associated with the structural failure by fatigue cracking. Li (59) 
provides a  comprehensive summary o f transfer functions for fatigue cracking based on 
phenomenological approach or on fracture mechanics approach.
Two types o f transfer functions are used for surface rutting. In one approach, the 
surface rutting is predicted from the contribution o f permanent deformation in each of 
the pavement layers. In a different approach, to limit the surface rutting, the vertical 
compressive strain at the subgrade surface is limited to a value associated with a specific 
number o f load repetitions (42).
To study the influence o f the interface condition on the pavement life, the stresses 
and strains in the pavement structure were computed for each case in Table 5.2 using the 
finite element method. The transfer functions used in the Shell design method (60) were 
used to compute the pavement life. The equations used in the Shell method were selected 
only due to their simple form:
- Subgrade strain model - to a decrease in serviceability o f 2.5 :
Nr = (0.028/ev)4 [5.1]
N - number o f  Equivalent Standard Axles to final Pavement Serviceability Index o f 2.5 
6V - vertical compressive at the top o f the subgrade surface
Fatigue cracking model - (derived using laboratory specimens subjected to 
displacement-controlled four-point bending fatigue tests):
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Nc = (0.856 • Vb +1.08)5 • (Sm -106) 18 • (1/e,)5 [5.2]
where:
N  - number o f  load repetitions to the failure 
et - horizontal tensile strains at the bottom o f the asphalt layer 
Vb - percent, volume o f binder 
Sm - Asphalt stiffness ( in MPa)
For the asphalt concrete layer constructed at the Lousisiana PRF site, from 
where the asphalt cores were extracted, the volume o f binder was 5.2 percent and the 
average indirect tensile resilient modulus was 3,100 MPa. Therefore, the transfer 
function for fatigue cracking becomes:
Nc = 4.2623172* 10’14 • (1/e,)5 [5.3]
5.3.2. The effects o f  the horizontal load on the life o f  the full-bonded layered structures 
A direct comparison between cases 01 and A, and 02 and R reveals the influence 
o f the horizontal loads on the distribution o f stresses and strains in the pavement 
structure, for the soil-cement base and the granular base road structure, respectively. The 
direct comparison is possible since the same finite element mesh is used for these four 
cases.
For the four cases, figures 5.6 to 5.11 show the values o f the longitudinal 
horizontal strains along the Y symmetry plane in six critical locations: top and bottom o f 
the wearing and binder, bottom o f the base and top o f  the subgrade layers. Since the 
horizontal loads acted only longitudinally, they had little effects on the values o f the 
transverse strains. Therefore, the values o f the transverse strains were not reported here.
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Figure 5.6. Longitudinal strain at the top o f the wearing course
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Figure 5.7. Longitudinal strain at the bottom of the wearing course
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Longitudinal Strain E11
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Figure 5.8. Longitudinal strain at the top of the binder course
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Figure 5.9. Longitudinal strain at the bottom o f  the binder course
119
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Longitudinal Strain E11 
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Figure 5.10. Longitudinal strain at the bottom o f  the base course
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Figure 5.11. Vertical strain at the top o f  the subgrade
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For the graphs 5.6 to 5.11, the maximum and minimum values o f  the longitudinal 
strains at several are reported in Table 5.3. The values clearly indicate that, even for the 
case o f  full bonded layers, the horizontal loads dramatically change the strain field. I f  the 
tensile strains do not significantly increase at the bottom o f the binder and base layers, 
the two critical locations considered in the mechanistic design o f  road structures, the 
tensile strains increase dramatically at the top and bottom o f the wearing course and at 
the top o f the binder course. As expected, the change is more pronounced for the soil- 
cement base pavement.
Table 5.3. Effects o f  the Horizontal Load on the Longitudinal Strains
Position Value Soil-Cement Base Structure Granular Base Structure
No H oriz. 
Load (01)
Horiz. 
Load(A)
%
change
No H oriz. 
Load (02)
Horiz. 
Load (R)
%
change
Top
Wearing
Course
max. 16.9 103.7 514 50.72 129.8 156
min. -176.3 -225.6 28 -278.7 -322.3 15.6
Bottom
Wearing
Course
max. 10.4 26.6 156 9.2 46.6 406
min. -127.3 -181.3 42 -181.3 -224.5 23.8
Top
Binder
Course
max. 8.7 46.8 438 45.4 106.2 134
min. -45.8 -117.7 157 -18.6 -96.9 421
Bottom
Binder
Course
max. 35.4 41.7 18 179.8 199.5 0
min. -71.6 -124.6 74 -95.15 -152.0 60
Fatigue Life (Nc) 7.66E+8 3.55E+6 2.27E+5 1.35E+5
Critical Location bottom
binder
top
wearing
bottom
binder
bottom
binder
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The pavement lives reduce dramatically, especially for the structure with a  
stabilized base. In both cases, large tensile strains develop at the top o f the wearing 
course, implying that crack may initiate at the pavement surface and not at the bottom o f 
the layers, as usually assumed in current mechanistic design procedures.
The charts also illustrate the change o f the strains values under a passing wheel. 
The increase o f both tensile and compression strains indicates that, in all these locations, 
the change from the minimum to the maximum strain under the passing wheel is higher 
when the horizontal loads are present. This may effect the resistance of the asphalt mix 
to repeated loading.
As illustrated in Figure 5.12, the horizontal load have little effect on the 
magnitude and shape of the surface deflection bowls.
Surface Deflection (mm)
- 0.2 
-0.4 
- 0.6 
- 0.8 
-1 
- 1.2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Offset (m)
Figure 5.12. Surface deflection (mm)
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5.3.3. The effects o f  the interface condition on the life o f the soil-cement base structure 
The cases I to Q in the finite element analysis (Table 5.2) were used to compute 
the stresses, strains and displacements in a cement stabilized base structure for a 
combination o f four conditions for the asphalt-to-asphalt interface and two conditions for 
the asphalt binder - stabilized base interface.
Figures 5.13 to 5.18 show the values o f the radial strains on the at the top and 
bottom o f the asphalt wearing and binder courses, as well as the vertical strains at the 
top o f  the granular base and subbase layer, on the symmetry plane. Figures 5.13 and 5.14 
indicate that the radial strains in the wearing course are significantly affected by the 
condition o f  the wearing-binder courses interface. If this interface is fully bonded, the 
strains at both the top and bottom o f  the wearing course are compressive (cases I and 
M). For the other interface conditions, tensile strains can appear. The radial strains at the 
top and bottom o f the wearing course are not significantly affected by the condition o f 
the binder-base interface.
For both the top and the bottom o f the binder layer (Figures 5.15 ans 5.16), the 
highest tensile radial strain appears when the two asphalt layers are fully bonded and the 
bonding between the asphalt binder layer and the soil-cement base is lost (Case M). I f  the 
bonding between the binder and the base layers is also lost (Cases N, P and Q), the 
strains remain tensile, but they are smaller than for the full-bond case. When the bonding 
between wearing and the binder layers only is lost, the radial strains become compressive 
(Cases J, K and L). As for the wearing course, the highest tensile radial strains are 
significantly affected by the condition o f the binder-base interface.
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Figure 5.13. Horizontal strain at the top o f the wearing course -semirigid
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Figure 5.14. Horizontal strain at the bottom o f the wearing course - semirigid
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Longitudinal Strain E11
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Figure 5.15. Horizontal strain at the top o f the binder course - semirigid
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Figure 5.16. Horizontal strain at the bottom o f the binder course - semirigid
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Longitudinal Strain E11
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Figure 5.17. Horizontal strain at the bottom o f the base course - semirigid
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Figure 5.18. Vertical strain at the top o f the subgrade - semirigid
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Figures 5.17 and 5.18 indicate that the interface condition affects the distribution 
of stresses and strains in the lower layers o f the road structure. The maximum tensile 
radial strains at the bottom o f  the soil-cement base as well as the maximum vertical strain 
at the top o f  the subgrade increase by 50 percent when the full-bonding at the two 
interfaces is lost. Again, the loss o f bonding between the binder and the base layer affects 
the magnitude o f strains more than the loss o f bond between the two asphalt layers.
The surface deflection increases by 12 percent when the bond between the two 
asphalt layers is lost, but by 25 to 45 percent when the bond between the binder and the 
base is lost (Figure 5.19). Due to this, it is expected that the condition o f  the two 
interfaces will influence the accuracy o f layer moduli backcalculation determination using 
the FWD techniques.
S urface D eflection (mm)
o
- 0.2
-0.4
- 0.6
- 0.8
-1
- 1.2
-1.4
6 7 850 1 2 3 4
M
Offset (m)
Figure 5.19. Effect o f interface condition on surface deflection
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The maximum and minimum strains, horn both radial and circumferential 
calculated strains are reported in Table 5.4. When the binder is fully bonded to the base 
but loses the bonding with the wearing course, the location o f critical strain, where the 
crack are more likely to initiate is at the bottom o f the wearing course. I f  the binder layer 
loses the bond with both the soil-cement base and wearing courses, the strain values at 
the corresponding positions in the two asphalt layers are close in magnitude. Thus, the 
failure may appear first in any o f  the two layers.
Table 5.4. Minimum and Maximum Strains in the Semirigid Structure (microstrain)
Position Value CASE
I J K L M N P Q
Top
Wearing
Course
max. 14.2 38.2 38.1 18.7 36.2 44.7 44.5 35.6
min. -185 -36.9 -37.2 -55.8 -179 -57.8 -58 -66.5
Bottom
Wearing
Course
max. 10.4 131* 130* 113* 2 154* 153* 147
min. -133 -68.4 -67.8 -88.6 -90.5 -81.4 -80.9 -90.8
Top
Binder
Course
max. 9.6 16.9 16.9 14.8 109 43.8 43.4 51
min. -56.6 -181 -179 -172 -2 -76.2 -75.4 -70.1
Bottom
Binder
Course
max. 42.6 10.8 10.8 8.7 223* 152 152 160*
min. -74.2 -114 -114 -105 -51 -76.6 -76.6 -70.2
Bottom
Base
Course
max. 224 273 273 273 294 352 352 351
min. -24.9 -29 -29 -26.8 -55.9 -62.2 -62.2 -61.8
Top Subgrade -354* -410 -410 -394 -537 -556 -556 -553
Fatigue Life (Nc) 3.0E+8 1.1E+6 1.2E+6 2.3E+6 7.7E+4 4.9E+5 5.1E+5 4.1E+5
Rutting Life (Nr) 3.9E+7 2.2E+7 2.2E+7 2.6E+7 7.4E+6 6.4E+6 6.4E+6 6.6E+6
* critical location
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5.3.4. The effects o f the interface condition on the life o f the granular base pavements 
The cases V to Z in the finite element analysis (Table 5.2) were used to compute 
the stresses, strains and displacements in a crushed stone base structure for a 
combination o f four conditions for the asphalt-to-asphalt interface. It was considered 
that the asphalt binder is fully bonded to the granular base.
Figures 5.20 to 5.26 show the values o f the radial strains on the at the top and 
bottom o f the asphalt wearing and binder courses, as well as the vertical strains at the 
top o f  the granular base and subbase layer, on the symmetry plane. Figures 5.20 and 5.21 
indicate that the radial strains in the wearing course are significantly affected by the 
condition o f the wearing-binder courses interface. I f  this interface is fully bonded, the 
strains at both the top and bottom o f  the wearing course are compressive (Case V) in the 
center o f the loaded area. For the other interface conditions, large tensile strains develop 
at the bottom of the layer.
For the binder layer (Figure 5.22), the highest tensile radial strain appears at the 
bottom, when the two asphalt layers are fully bonded (Case V). I f  the bonding between 
the binder and the wearing courses is lost (Cases X, Y and Z), the horizontal strains at 
both the top and bottom o f the layer become compressive. Then, the wearing course is 
more likely to fail first.
The loss o f  bond between the asphalt layers leads to an increase in compressive 
strain layers o f more than 12% at the top o f the granular base, and o f more than 20% at 
the top o f the subgrade. Then, rutting is the foundation layers will be more pronounced, 
but the structure will more likely fail due to fatigue cracking.
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Figure 5.20. Horizontal strain at the top o f the wearing course - flexible
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Figure 5.21. Horizontal strain at the bottom o f the wearing course - flexible
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Figure 5.22. Horizontal strain at the top o f the binder course - flexible
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Figure 5.23. Vertical strain at the bottom o f the binder course - flexible
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Figure 5.24. Vertical strain at the top o f the base course - flexible
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Figure 5.25. Vertical strain at the top o f the subgrade - flexible
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Figure 5.26. Surface deflection bowls for the soil-cement structure
Figure 5.26 indicates that the condition o f the asphalt-to-asphalt interface affects 
the magnitude o f  surface deflections. The central deflection is 12 percent greater if the 
condition changes from full-bonding to ‘friction’ or ‘slip’. As for the soil-cement 
structure, the interface condition changes the deflection bowl and brings errors in the 
moduli backcalculation process.
The interface with tack coat (Case X) lead to the development o f  slightly higher 
strains and deflections than the interface without a tack coat (Case Z). The effects might 
be different if loads o f  different magnitudes are applied, or at a different temperature, 
since the relationship between the tangential stress and displacement changes with the 
normal stress and temperature for interfaces without a tack-coat.
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Table 5.5. Maximum and Minimum Strains in the Granular Base Structure (microstrain)
Position Value CASE
V X Y Z
Top Wearing 
Course
max. 40.1 70.7 70.1 52.1
min. -282 -96.3 -96.5 -116
Bottom Wearing 
Course
max. 8.98 189 186 173
min. -183 -117 -115.5 -137
Top Binder 
Course
max. 44.6 43.6 42.6 56.4
min. -41.7 -237 -235 -226.3
Bottom Binder 
Course
max. 172 77.9 77.7 89.9
min. -97.3 -166 -166 -155.8
Top Base Course min. -683 -858 -855 -873.3
Top Subgrade -435 -495 -495 -481
Fatigue Life (Nc) 2.83E+05 1.77E+05 1.91E+05 2.75E+05
Rutting Life (Nr) 1.72E+0.7 1.02E+07 1.02E+07 1.15E+07
Critical Location bottom
binder
bottom
wearing
bottom
wearing
bottom
wearing
Table 5.5 gives the maximum and minimum horizontal strain at several locations 
in the structure and the number o f load repetitions to the failure o f the structure. The 
results show that, for the full-bond case, both cracking and rutting lives are longer than 
for the other cases. The structure with the wearing-binder interface without a tack-coat 
(case Z) has slightly longer cracking and rutting lives than those o f  the structure with the 
interface with a tack-coat (case X).
The strain values reported in Table 5.5 indicate that, when the full-bonding 
between two asphalt lifts is lost, the distribution o f stresses and strains changes
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dramatically. The maximum horizontal tensile strains are located at the bottom o f the 
wearing course, and not at the bottom o f the binder course as for the case o f  fiill-bond 
between layers. Thus, the failure due to cracking will initiate in the wearing course and 
not in the binder course.
5.3.5. The combined effects o f horizontal loads and interface condition on pavement life
The finite element Mesh I (Figure 5.3) allows the study o f  the combined effects 
o f the horizontal loads and interface conditions on the values o f stresses and strains in 
the pavement structure since it can accommodate both inclusion o f interface models and 
application o f horizontal loads. A total o f 14 cases were studied. The reference 
condition, o f full-bonded condition at the layer interfaces and vertical load only is 
modeled by case 01, for the semi-rigid structure and by case 02 the flexible pavement 
structure. For cases A and R, the full-bonded condition at the interfeces was also 
considered, but horizontal loads were included. Cases A to H, and R  to U, (Table 5.2) 
consider simultaneously the presence o f horizontal loads and interface constitutive 
models. For all 14 cases, the profile o f  the stresses and strains at several depths in the 
pavement structure are given in Appendix C.
Figures 5.27, 5.28 and 5.29 show the maximum horizontal strains at the top and 
bottom of the wearing and binder layers and the bottom o f the soil-cement base. These 
strain values can be used to estimate the pavement life in terms o f  fatigue cracking. The 
maximum values o f the vertical compressive strains at the top o f the unbound layers are 
plotted in Figure 5.30, and are used to compute the number o f load repetitions until the 
structure fails due rutting in the foundation layers.
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Figure 5.27 Maximum tensile strains in the wearing course (microstrain)
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Figure 5.28 Maximum tensile strains in the binder course (microstrain)
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Maximum Horizontal Strains
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Figure 5.29 Maximum strains at the bottom o f the base course (microstrain)
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Figure 5.30 Maximum vertical compressive strains (microstrain)
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The ratting and cracking lives o f  the pavement structure is reported for all 14 
cases in Table 5.6. The values indicate that the horizontal loads, half in magnitude to the 
vertical loads, significantly affect the horizontal strains in the asphalt concrete layers and 
in a smaller measure the vertical strains at the top of the subgrade. Therefore, cracking 
lives greatly reduce due to the action o f horizontal loads for both granular and stabilized 
base structures. The ratting lives also decrease but not as significantly as the cracking 
lives.
Table 5.6. Cracking and Rutting Lives o f Pavement Structures
CASE Fatigue Life Rutting Life Critical Location
01 7.66E+8 9.53E+7 top subgrade
A 3.55E+8 9.03E+7 top wearing
B 2.8E+4 4.96E+7 top wearing
C 4.49E+4 4.96E+7 top wearing
D 2.91E+4 5.39E+7 top wearing
E 4.65E+4 1.38E+7 bottom binder
F 2.45E+4 1.16E+7 top wearing
G 3.75E+4 1.16E+7 top wearing
H 2.26E+4 1.16E+7 top wearing
02 2.27E+5 3.31E+7 bottom binder
R 1.35E+5 3.I6E+7 bottom binder
S 1.42E+4 1.76E+7 top wearing
T 2.10E+4 1.76E+7 top wearing
U 1.51E+4 1.89E+7 top wearing
The condition o f the surface-base layer interface affects the cracking fatigue life 
more than the wearing-binder layer interface, but the combined effect o f  horizontal loads
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and the condition o f  the two interfeces may lead to a decrease in the fatigue life by more 
than 300 times for the semirigid structure and by 15 times for the flexible road structure, 
when compared to the model used in the mechanistic design that assumes vertical loads 
only and full-bonded interfaces.
5.3.6. Field observed interface condition
The first experiment at Louisiana Pavement Research Facility provided a good 
example o f  the effect o f interface condition on pavement life. One flexible structure, lane 
3, failed due to the loss o f bond between the binder and the wearing courses at the same 
location where strain gauges have been placed between the two layers (53). The strain 
gauges were embedded between two pieces o f  asphaltic tape, 0.2 by 0.9 m in size. The 
tape acted as a  bond breaker and separated the two asphalt layers. The failure caused by 
the poor interface bonding was premature and severe (Figure 1.1); the two asphalt layers 
could be easily separated by hand. The water that entered the interface accelerated the 
degradation. Lane 3 was retested in a different location, where no strain gauges have 
been placed, and the structure supported almost four times more ALF load repetitions 
than in the first test. The extensive life in the second test may also be due to lower water 
table level, and therefore, it cannot be attributed only to the better bond at the interface.
The soil-cement base pavement had all shorter lives than expected. A special case 
is represented by lane 8, where the water entered at the interface between the asphalt 
surface and the base layer and caused the softening and the erosion of the cemented 
material just below the interface. This caused loss o f  bond between the asphalt surface 
and the underlaying stabilized base and the loss o f support under the asphalt concrete
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layer. The lane foiled with pumping o f material through the cracks in the asphalt layer 
followed by the formation o f potholes. The presence o f the soft soil-cement layer at the 
interface was also observed during the post-mortem investigation, when trenches were 
cut in the road structure. Lane 8 was retested, and the pavement life in the repeated test 
was similar to the life in the first test, only the failure was not that localized. Lane 10 
failed in a similar manner to lane 8 but it had a longer life. Details on the failure mode 
and the evolution o f degradation o f  all the lanes is given by Metcalf et al (4).
Strain gauges and pressure cells were mounted at various depths in the tested 
pavements. Unfortunately, very few gauges survived the construction process. Noisy 
strain signals recorded during testing provided very little information on the development 
o f the strain field under the ALF loading wheel. Therefore, it was not possible to 
compare the strains estimated in this study with measured strain values. The strain 
comparison was also ineffective since the magnitude o f the loading provided by the ALF 
wheel could not be evaluated. Four load cells, mounted on the ALF wheel carriage, were 
used to monitor the magnitude o f the vertical load (4), but the relative position o f the 
ALF wheel and the strain gauges could not be determined. Moreover, the horizontal 
force imposed by the ALF wheel could not be determined.
The cores extracted in the cracked areas o f  both flexible and semirigid structures 
revealed that cracking may initiate at the top o f the asphalt course, not only at the 
bottom of the layer, as normally assumed in mechanistic design methods (4). The 
possibility o f  horizontal loads caused by the ALF wheel and the partial bonding at the 
interface are possible explanations for this phenomenon.
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5.4. Errors in the Moduli Backcalculation Due to the Interface Condition
5.4.1. Principle o f moduli backcalculation
The backcalculation technique is a reverse solution from the problem of 
calculating the surface deflection o f a pavement structure for which the load, elastic 
proprieties o f the materials and layer thicknesses are known. Since even for the direct 
problem, an analytical solution for a multilayered structure has not been yet developed, 
the backcalculation is an approximate solution. The principle o f the backcalculation 
method is that an initial set o f  “seed” values o f the elastic modulus o f the layers is 
continuously adjusted until the predicted deflection basin approximates the measured 
deflection basin.
The main steps o f the backcalculation process are :
a. A pavement structure, corresponding to the tested pavement is assumed. The 
layer thicknesses are established from the construction data, destructive or non­
destructive investigations.
b. An initial set o f layer moduli are assumed, based on expected values 
corresponding to the material type, pavement age and degradation.
c. The theoretical deflections at the geophone positions used in the FWD test are 
calculated as for the direct problem, for the load magnitude selected.
d. The calculated deflections and measured values are compared. If  the values 
agree within the desired tolerance (2-4% ), the initial set o f moduli is accepted.
e. I f  the calculated and the measured values do not agree, the moduli values are 
adjusted and iterative deflection calculation and moduli adjustments are 
performed until the predicted deflections fit the measured bowl.
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In several cases, a limit interval for each layer moduli can be imposed by the 
operator at the beginning o f the backcalculation analysis. Since it is considered that the 
value o f the outer deflections are influenced only by the subgrade modulus, some 
backcalculation procedure directly calculate this modulus from the deflection values.
Several backcalculation programs are available, BISDEF, CHEVDEF, 
EFROMD2, ELMOD, ELSDEF, MODCOMP, MODULUS, PEDD1 and WESDEF 
being the most popular (61). Most o f  the backcalculation procedures are based on static 
load - layer elastic solutions. Dynamic analysis o f deflection basins being available but 
generally limited in use to research applications. Many of these backcalculation 
programs were analyzed for processing deflection data collected for the SHRP research 
program (611. The “MODULUS 4.0" (62) program was selected for flexible and 
composite pavements. From the results o f  another evaluation exercise, Roberts (63) 
recommended MODULUS for the analysis o f deflection data measured in Louisiana.
The accuracy and the validity o f the backcalculation process can be reduced by 
errors due to the nonlinear behavior o f the materials (especially granular layers and the 
subgrade), the assumption o f  a semi-infinite subgrade or the use o f  a fictitious rock layer 
at some depth (64), inaccurate temperature correction of the dynamic deflections, the 
assumption o f  homogenous and isotropic material, inaccurate assumption of the layer 
thicknesses, voids, cracks or interface conditions, along with measuring errors. 
Moreover, since several combinations o f moduli yield similar deflection bowls, the non­
uniqueness o f  results is expected. Due to all these factors, backcalculation is a laborious 
process, requiring a high degree o f skill and good engineering judgement.
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The effect o f error in modeling the interface condition on the evaluation of 
backcalculated moduli and pavement remaining life was investigated by A1 Hakim at al 
(65). They used the structural analysis program BISAR (10) to compute the surface 
deflection bowls for four pavement structures, having the same thickness for the 
bituminous wearing course (40mm), but different thicknesses for the bituminous base 
(100-250 mm) and granular subbase (200-400mm). Full adhesion condition was 
considered for the base/subbase and the subbase/subgrade interfaces. A vertical load o f 
40 KN at pavement surface was considered in the analysis.
The Goodman’s model, was considered for the surface/base interface. In 
Goodman’s model, the shear stress, t ,  is proportional to the difference in the horizontal 
displacements o f  the layers above and below the interface, ( i^-u ,).
T * k s= ( u 2-u1) (5.1)
Five values ( 10'1, 10'2,1 0 '3, 10-4 and 10'5m3/MN ) were considered for the shear 
reaction modulus at the interface.
The twenty deflection basins were used to backcalculate the layer moduli. The 
moduli o f the surface layer was fixed to the value used in the direct calculation o f  surface 
deflections. Then, the backcalculated moduli for the base, subbase and subgrade layers 
were compared to the initial values. The results indicated that by modeling the condition 
o f  the surface - base layer interface as a  full-bonding condition the backcalculation will 
lead to base layer moduli o f 40 percent from the real values and subbase layer moduli o f 
70 to 140 percent o f the real values. The error in modeling the interface condition did 
not significantly affect the value of the backcalculated subgrade modulus.
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5.4.2. The influence of the interface condition on the accuracy of moduli backcalculation
In order to investigate the effect o f  the interface condition, the layer moduli were 
backcalculated from the pavement surface deflection bowls computed by the finite 
element analysis. The resulted moduli values were then compared to the input values 
considered in the FEM analysis.
Table 5.7 summarizes the values o f  the surface deflections calculated cases I to Q 
for the semi-rigid structure, and Y to Z for the flexible structure in the finite element 
analysis. These deflection are the input values in the moduli backcalculation process. 
Table 5.7. Surface Deflections (mm)
Case Geophone Number
0 1 2 3 4 5 6
Offset (mm)
0 229 305 457 610 914 1524
I 0.880 0.782 0.750 0.691 0.637 0.538 0.375
J 1.003 0.869 0.828 0.755 0.688 0.568 0.379
K 1.003 0.869 0.828 0.755 0.688 0.568 0.379
L 0.972 0.839 0.798 0.728 0.663 0.549 0.372
M 1.214 1.056 0.995 0.883 0.784 0.616 0.375
N 1.277 1.081 1.013 0.895 0.791 0.619 0.374
P 1.276 1.081 1.013 0.895 0.791 0.619 0.374
Q 1.271 1.075 1.008 0.890 0.787 0.616 0.373
V 1.142 0.964 0.900 0.794 0.711 0.574 0.378
X 1.328 1.053 0.969 0.843 0.746 0.593 0.377
Y 1.328 1.053 0.969 0.843 0.746 0.593 0.377
z 1.327 1.053 0.969 0.843 0.746 0.593 0.377
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The moduli, backcalculated using the MODULUS program (62), as well as the 
difference from the original values, are reported in Table 5.8. The differences between 
the original moduli and those backcalculated for cases I and V, where layers are fully 
bonded, may be due to the approximations generated by the finite element mesh, that led 
to higher surface deflections. The highest differences were obtained for backcalculated 
subgrade moduli, that were, for most cases, almost 60 percent o f the original values. 
Lower moduli also resulted for the surface and base layers.
When the moduli values are compared to those for cases I and V, where layers 
are fully bonded, it can be concluded that:
— the condition o f  the wearing-binder layer interface leads to a lower estimation o f 
surface and base layer moduli, for both the flexible and the semirigid structures. 
The influence is relatively small on the backcalculated subgrade moduli.
— the condition o f the binder-stabilized base layer interface leads to higher errors 
than those generated by the condition o f  the wearing-binder layer interface. The 
asphalt surface layer moduli are overestimated, up to 120 percent o f the initial 
values, while the modulus o f  the stabilized base is underestimated, resulting 
values being up to six times from the original values. The subgrade moduli is also 
underestimated, the errors being up to 11 percent.
The backcalculated moduli from the Falling Weight Deflectometer tests 
performed on the newly constructed PRF lanes at the experimental site were not always 
in the expected range. The asphalt surface modulus was generally higher than expected, 
while the soil-cement and limestone base moduli were much lower than expected (4)
145
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 5.8. Backcalculated Moduli
LAYER
Surface Base Subgrade II
Moduli
(MPa)
Error
(%)
Moduli
(MPa)
Error
(%)
Moduli
(MPa)
Error
(%)
Original 3,107 - 1,035 - 24.3 -
I 3,415.5 0 948.6 0 13.68 0
J 2,712.5 -20.6 609.3 -35.7 13.25 -3.1
K 2,426.8 -29 638.4 -32.7 13.33 -2.5
L 2,247.9 -34.2 697.4 -26.5 14.05 +2.7
M 7,549.7 +121 138.1 -85.5 12.19 -10.9
N 4,555.5 +33.4 160.5 -83.1 12.16 -11.1
P 4,555.5 +33.4 160.5 -83.1 12.16 -11.1
Q 4,306.5 +26.1 169.0 -82.2 12.21 -10.7
Original 3,107 - 346.5 - 24.3 -
V 2,431.9 0 338.5 0 13.70 0
X 882.7 -63.7 288.4 -14.8 14.10 2.9
Y 882.7 -63.7 288.4 -14.8 14.40 5.1
Z 897.7 -63.1 287.3 -15.1 14.10 2.9
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6. SUMMARY AND CONCLUSIONS
The behavior o f in-service pavements proves that the interface condition 
significantly affects the distribution o f  stresses and strains in flexible and semi-rigid 
pavement structures and thus, their performance. Therefore, the success o f mechanistic 
design methods for pavement structures, in which the computation o f stresses and strains 
is a key component, relies on a reliable interface condition model.
Existing mechanistic design methods consider the a full bond or complete slip 
between pavement layers, or use a friction type approach to model the interface 
condition. Few models use the interface reaction modulus to model interface behavior, 
but the modulus is considered independent o f the normal stress level or temperature.
A comprehensive literature review shows that more elaborate models and testing 
methods have been created for the interfaces between concrete blocks and between rock 
masses. Similar models can be developed for interfaces between pavement layers. The 
literature recommended interface direct shear tests at several normal pressures as the 
optimum ways to determine the mechanical models for the interface. In these tests, the 
normal and shear stresses are decoupled and therefore the models can be built easier.
In this research, direct shear tests at four levels o f normal load and three 
temperatures were performed on two types o f asphalt-to-asphalt interface: with and 
without a tack coat. Shear and normal stresses and displacement were measured during 
the tests. The shear stress-displacement curves determined in these tests were used to 
derive the mechanical model for the interface. Fatigue shear tests at constant ratio
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between the normal and the tangential stresses were also performed to determine the 
shear fatigue resistance o f the interfaces.
The interface between the surface and base layers was tested in shear by pushing 
horizontally several asphalt concrete slabs. The shearing was performed for three levels 
o f normal loads at the interface. The shear displacement and force were measured during 
the testing, and the shear stress-displacement curves were used to derive the interface 
constitutive model.
The interface mechanical models were included in the Finite Element Model to 
compute the stresses and strains in typical flexible and semirigid road structures. Transfer 
functions for rutting and cracking were used to estimate the life o f the two pavements. 
The effect o f horizontal loads acting at a pavement surface on the values o f stresses and 
strains and on pavement life was also studied.
6.1. Conclusions 
The following conclusions can be drawn from this study:
1. For the asphalt-to-asphalt interface, it was observed that the shear stress and
displacement are proportional until the shear stress equals the shear strength and 
the interface fails. After failure, a friction model may be used to represent the 
interface condition. Three parameters were considered to completely describe the 
interface behavior: the interface reaction modulus, K, which is the slope o f  the 
shear stress-displacement curve, the shear strength, Smax, and the friction 
coefficient after failure, mu.
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2. For the studied asphalt-to-asphalt interfaces, K, Smax and mu are temperature 
dependent. For the interface with a tack coat, K and Smax are not affected by the 
normal stress level, but they are affected for the interface without a tack coat. For 
both interfaces, the fiction coefficient, mu, is not affected by the normal load 
level.
3. The asphalt-to-asphalt interface may also fail in fatigue, the increase o f the 
permanent shear displacement with the number o f load repetitions being linear.
As expected, the rate o f increase is higher for higher stresses.
4. The shearing failure o f asphalt surface / soil-cement base interface is at a  distance 
o f 20 to 40 mm below the interface, within the cemented soil. In the structural 
modeling, it is reasonable to consider that the failure is at the interface. The 
reduce shearing resistance is due to the softening o f  soil-cement at the upper of 
the base layer.
5. The limestone aggregates adhere very well to the asphalt concrete surface layer, 
and the shear resistance is due te aggregate interlock. In the structural modeling, 
it can be therefore considered that the asphalt surface layer and the limestone 
base are fully bonded.
6. The horizontal loads acting at pavement surface lead to dramatically increased 
tensile strains at the top and bottom o f the wearing course and at the top of the 
binder course. This may justify the initiation o f cracking at the surface o f  the 
pavement and not at the bottom o f the asphalt layer, as generally assumed. The 
change in tensile strains is more critical for flexible pavement structures.
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7. For semirigid pavements, the condition o f the wearing-binder course interface 
affects the strains in the wearing course, while the condition o f the binder-base 
interface affects more the horizontal strain field in the binder layer, as well as the 
vertical strains at the top o f the subgrade. Surface deflections in the semirigid 
pavement are also greatly affected by the interface condition.
8. For flexible pavements, the condition o f the interface between the wearing and 
binder courses dramatically changes the strain field in the wearing and binder 
layers and may increase the vertical strains at the top o f the granular base and 
subgrade layers by up to 20 percent.
9. The cumulative effect o f the interface condition and horizontal forces acting at 
pavement surface is dramatic, leading to a reduction o f pavement life by up to 
300 times for the semirigid pavement and 15 times for the flexible pavement.
6.2. Recommendations 
Further research is recommended in order to improve the modeling o f the
asphalt-to-asphalt interface:
1. Direct shear tests with normal load as well as fatigue shear tests should be 
performed at several temperatures in order to better determine the temperature 
dependency o f interface model parameters.
2. More interface testing should be performed at several shear displacement rate, 
for the direct shear test, and frequency o f loading, for the shear fatigue tests to 
determine how these factor influence the parameters o f  the interface model.
3. Additional research should be conducted to in order to investigate the effects o f 
the size o f asperities at the interface, as well as o f the type and quantity o f  tack
150
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
coat, on interface condition. The gradation o f the aggregates in the asphalt mix 
and the binder content are likely to influence the size o f the asperities, and 
therefore, along with the tack coat material, they may affect the interface shear 
strength and reaction modulus.
4. Applicability o f  the testing methodology used in this research to testing other 
types o f pavement layer interfaces, as those between the asphalt overlay and the 
underlaying existing asphalt surface layer or Portland cement concrete slab, 
should be investigated. The research may indicate ways to optimize the bonding 
between the overlay and the existing surface in term o f preparation o f the surface 
and the type and quantity o f  bonding material to be used.
5. The direct shear with normal load test methodology may be improved in order to
better determine the parameters o f  the interface model:
a. The use o f rectangular specimens instead o f cylindrical specimens should be 
investigated, since they will assure a better contact between the specimen and the 
metal attachments. This may reduce or even eliminate the first segment o f the 
shear stress-displacement curves, for which the interface reaction modulus is low. 
The shear displacement at failure could then be more accurately determined.
b. Higher normal stresses, up to 1 MPa (144psi) should be applied in order to 
simulate stresses that may be encountered in the field. The dependency o f the 
interface shear strength and reaction modulus to the normal stress will be then 
more accurately determined.
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6. Several improvements can be made to the shear fatigue testing methods:
a. Conditioning loading cycles should be applied before fatigue testing in order to 
ensure that the contact between the asphalt specimens and the metal attachment 
is better established
b. The use o f rectangular specimens should be investigated. The metal attachments 
could then be modified so that a planar surface o f contact with the specimens is 
developed. The plane surface assures a more uniform distribution o f stresses on 
the side o f the specimens and may reduce the variation o f the ND1 values. It may 
be then possible to separate the measurement errors and the variation o f the 
ND1 itself.
c. In this research, only one ratio (0.5) between the shear and normal stresses ahd 
one temperature have been used. Future research should be developed in order to 
determine the influence o f the ratio between the shear and normal stresses and o f 
temperature on ND1.
d. Since no vertical pressure, except due to the dead weight o f the above layers, is 
applied at pavement interfaces when no vehicle passes over the road structure, 
the possibility o f reducing, if not eliminating, the load applied during the resting 
periods should be investigated. During testing, the normal pressure applied 
during the resting periods may close the interface, increase the contact between 
aggregate grains at the interface and thus, increase the number o f  cycles to 
failure.
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APPENDIX A 
SHEAR STRESS-DISPLACEMENT CURVES 
IN THE DIRECT SHEAR TEST
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Interface Condition = No Tack Coat Temperature (°C) = 15
Sample A15S1-10 A15Sl-4a A15Sl-4b A15S1-8 A15S1-9
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Figure A1. Direct shear test curves for the condition A15S1
160
4
3
a .
2
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
N
or
m
al
 D
is
pl
ac
em
en
t 
(m
m
) 
Sh
ea
r 
St
res
s 
(M
Pa
)
Interface Condition = No Tack Coat Temperature (°C) -  15
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Figure A2. Direct shear test curves for the condition A15S2
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Interface Condition = No Tack Coat Temperature (°C) = 15
Sample A15S3-10 A15S3-2a A15S3-2b A15S3-5 A15S3-7
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Figure A3. Direct shear test curves for the condition A15S3
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Interface Condition = No Tack Coat Temperature (°C) = 15
Sample A15S4-10 A15S4-2 A15S4-4 A15S4-5 A15S4-8
Pnorm (psi) 80
2.5
CQa*
1.5
Vi
I
C/D
%
J S
0.5
10 128
A15S4-10
A15S4-2
A15S4-4
A15S4-5
A15S4-8
Shear Displacement (mm)
2.5 -
E
£
2 --c<u
E<L>
8
o
12 0.5 —
1210
A15S4-10
A15S4-2
A15S4-4
A15S4-5
A15S4-8
Shear Displacement (mm)
Figure A4. Direct shear test curves for the condition A15S4
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Interlace Condition = No Tack Coat Temperature (°C) — 25
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Figure A5. Direct shear test curves for the condition A25S1
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Interlace Condition = No Tack Coat Temperature (°C) = 25
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Figure A6. Direct shear test curves for the condition A25S2
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Interface Condition = No Tack Coat Temperature (°C) = 25
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Figure A7. Direct shear test curves for the condition A25S3
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Interface Condition = No Tack Coat Temperature (°C) — 25
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Figure A8. Direct shear test curves for the condition A25S4
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Interface Condition = No Tack Coat Temperature (°C) = 35
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Figure A9. Direct shear test curves for the condition A35S1
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Interface Condition = 
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No Tack Coat Temperature (°C) = 35
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Figure A10. Direct shear test curves for the condition A35S2
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Interface Condition = No Tack Coat Temperature (°C) -  35
Sample A35S3-10 A35S3-3 A35S3-7 A35S3-8 A35S3-9
Pnorm (psi) 60
A35S3-10
A35S3-3
A35S3-7
A35S3-8
A35S3-9
4 6 8
Shear Displacement (mm)
a 1.5
A35S3-10
A35S3-3
A35S3-7
A35S3-8
A35S3-9
4 6 8
Shear Displacement (mm)
Figure A11. Direct shear test curves for the condition A3 5 S3
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Interface Condition = No Tack Coat Temperature (°C) = 35
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Figure A12. Direct shear test curves for the condition A35S4
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Interface Condition = With Tack Coat Temperature ("C) -  15
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Figure A13. Direct shear test curves for the condition B15S1
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Interface Condition = With Tack Coat Temperature (°C) = 15
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Figure A14. Direct shear test curves for the condition B15S2
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Interface Condition = With Tack Coat Temperature (°C) — 15
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Figure A15. Direct shear test curves for the condition B15S3
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Interface Condition = With Tack Coat Temperature (°C) — 15
Sample B15S4-3 B15S4-4 B15S4-7 B15S4-8 B15S4-9
Pnorm (psi) 80
2.5 B15S4-3
BI5S4-4
B15S4-7
cz>
B15S4-8C/5
0.5 B15S4-9
Shear Displacement (mm)
B15S4-3
B15S4-4
B15S4-7a.
.23rs 2
B15S4-8
B15S4-9
Shear Displacement (mm)
Figure A16. Direct shear test curves for the condition B15S4
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Interface Condition = With Tack Coat Temperature (°C) = 25
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Figure A17. Direct shear test curves for the condition B25S1
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Interlace Condition - 
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Figure A18. Direct shear test curves for the condition B25S2
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Figure A19. Direct shear test curves for the condition B25S3
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Interface Condition = With Tack Coat Temperature (°C) — 25
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Figure A20. Direct Shear Test Curves for the Condition B25S4
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Interface Condition = With Tack Coat Temperature (°C) — 35
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Figure A21. Direct shear test curves for the condition B35S1
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Interface Condition = With Tack Coat Temperature (°C) -  35
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Figure A22. Direct Shear Test Curves for the Condition B35S2
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Interface Condition = With Tack Coat Temperature (°C) -  35
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Figure A23. Direct shear test curves for the condition B35S3
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Interface Condition — With Tack Coat Temperature (°C) — 35
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Figure A24. Direct shear test curves for the condition B35S4
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APPENDIX B 
ABAQUS INPUT FILES
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* HEADING
STEFAN ROMANOSCHI - INTERFACE STUDY 
INPUT FILE # 1 - VERTICAL AND HORIZONTAL LOAD 
♦PREPRINT, ECHO=NO, HISTORY=NO, MODEL=NO 
** PREPRINT controls the output details before analysis results 
** ECHO: prints input data in output
* * HISTORY: prints history data
** MODEL: prints model definition data 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
** NODE DEFINITION
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
** DEFINE LINE AT Y=0 
* *
*NODE,NSET=YO,SYSTEM=R
1,-135.,0.,0.
2,-120.,0.,0.
3,-105.,0.,0.
4,-90.,0.,0.
5,-75.,0.,0.
6,-60.,0.,0.
7,-48.,0.,0.
8,-36.,0.,0.
9,-24.,0.,0.
10,-18.,0.,0.
11,-12.,0.,0.
12,-9.,0.,0.
13,-6.,0.,0.
14,-4.,0.,0.
15,-2.,0.,0.
16,0.,0.,0.
17.2..0..0.
18.4..0..0.
19.6..0..0.
20.9..0..0.
21.12..0..0.
22,18.,0.,0.
23.24..0..0.
24.36..0..0.
25.48..0..0.
26.60..0..0.
27.75..0..0.
28.90..0..0.
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29.105..0..0.
30.120..0..0.
31.135..0..0.
*NCOPY,CHANGE NUMBER=50,OLD SET=Y0, SHIFT,NEW SET=Y1 
0.,2.,0.
0.,
*NCOPY,CHANGE NUMBER=100,OLD SET=Y0,SHIFT,NEW SET=Y2 
0.,4.,0.
0.,
*NCOPY,CHANGE NUMBER=150,OLD SET=Y0,SHIFT,NEW SET=Y3 
0.,6.,0.
0.,
*NCOPY,CHANGE NUMBER=200,OLD SET=Y0, SHIFT,NEW SET=Y4 
0.,9.,0.
0.,
*NCOPY,CHANGE NUMBER=250,OLD SET=Y0,SHIFT,NEW SET=Y5 
0.,12.,0 .
0.,
*NCOPY,CHANGE NUMBER=300,OLD SET=Y0,SHIFT,NEW SET=Y6 
0.,15.,0.
0.,
*NCOPY,CHANGE NUMBER=350,OLD SET=Y0,SHIFT,NEW SET=Y7 
0.,18.,0.
0.,
*NCOPY,CHANGE NUMBER=400,OLD SET=Y0, SHIFT,NEW SET=Y8 
0.,24.,0.
0.,
*NCOPY,CHANGE NUMBER=450,OLD SET=Y0,SHIFT,NEW SET=Y9 
0.,32.,0.
0-,
*NCOPY,CHANGE NUMBER=500,OLD SET=Y0,SHIFT,NEW SET=Y10 
0.,40.,0.
0-,
♦NCOPY,CHANGE NUMBER=550,OLD SET=Y0,SHIFT,NEW SET=Y11 
0.,50.,0.
0.,
*NCOPY,CHANGE NUMBER=600,OLD SET=Y0,SHIFT,NEW SET=Y12 
0.,60.,0.
0.,
*NCOPY,CHANGE NUMBER=650,OLD SET=Y0,SHIFT,NEW SET=Y13 
0.,72.,0.
0.,
*NCOPY,CHANGE NUMBER=700,OLD SET=Y0,SHIFT,NEW SET=Y14
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0.,96.,0.
0.,
*NCOPY,CHANGE NUMBER=750,OLD SET=Y0,SHIFT,NEW SET=Y15 
0 . ,120.,0 .
0.,
*NCOPY,CHANGE NUMBER=800,OLD SET=Y0,SHIFT,NEW SET=Y16 
0.,150.,0.
0.,
*NSET,NSET=L0R
Y 1 ,Y2, Y3, Y4, Y5, Y6, Y7,Y8,Y9,Y10, Y11, Y12, Y13,
Y14,Y15,Y16
*NSET,NSET=L0
Y0,L0R
** GENERATE LAYER OF NODES (LI)
**NCOPY,CHANGE NUMBER=1000,OLD SET=LOR,SHIFT,NEW SET=L1R 
**0.,0.,-0.75
**Q
**NCOPY,CHANGE NUMBER=1000,OLD SET=Y0,SHIFT,NEW SET=Y0L1
**0.,0.,-0.75
**0.,
* * *NSET,NSET=L 1 
**Y0L1,L1R
** GENERATE LAYER OF NODES (L2)
*NCOPY,CHANGE NUMBER=2000,OLD SET=LOR,SHIFT,NEW SET=L2R 
0.,0.,-1.5 
0.,
*NCOPY,CHANGE NUMBER=2000,OLD SET=Y0, SHIFT,NEW SET=Y0L2
0.,0.,-1.5
0.,
*NSET,NSET=L2
Y0L2,L2R
** GENERATE LAYER OF NODES (L3)
** LAYERS L2 andL3 are the asphalt-to-asphalt interface 
*NCOPY,CFIANGE NUMBER=3000,OLD SET=L0R,SHIFT,NEW SET=L3R 
0.,0.,-1.5 
0-,
*NCOPY,CHANGE NUMBER=3000,OLD SET=Y0,SHIFT,NEW SET=Y0L3
0.,0.,-1.5
0.,
*NSET,NSET=L3
Y0L3,L3R
** GENERATE LAYER OF NODES (L4)
**NCOPY,CHANGE NUMBER=1000,OLD SET=L3R,SHIFT,NEW SETHL4R
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* *0 . ,0 . , - l .
**o
**NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L3,SHIFT,NEW SET=Y0L4 
* *0 . ,0 . , - l .
**0.,
* *NSET,NSET=L4 
**Y0L4,L4R
** GENERATE LA YER OF NODES (L5)
*NCOPY,CHANGE NUMBER=2000,OLD SET=L3R,SfflFT,NEW SET=L5R 
0.,0.,-2.
0.,
*NCOPY,CHANGE NUMBER=2000,OLD SET=Y0L3,SHIFT,NEW SET=Y0L5 
0.,0.,-2.
0.,
*NSET,NSET=L5
Y0L5,L5R
** GENERATE LAYER OF NODES (L6)
** LA YERS L5 and L6 are the binder-base interface
*NCOPY,CHANGE NUMBER=3000,OLD SET=L3R,SHIFT,NEW SET=L6R 
0.,0.,-2 .
0.,
*NCOPY,CHANGE NUMBER=3000,OLD SET=Y0L3,SHIFT,NEW SET=Y0L6 
0.,0.,-2.
0.,
*NSET,NSET=L6
Y0L6,L6R
** GENERATE LAYER OF NODES (L7)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L6R,SHIFT,NEW SET=L7R
0.,0.,-4.25
0-,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L6,SHIFT,NEW SET=Y0L7 
0.,0.,-4.25 
0-,
*NSET,NSET=L7
Y0L7,L7R
**
** GENERATE LAYER OF NODES (L8)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L7R,SHIFT,NEW SET=L8R
0.,0.,-4.25
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L7,SHIFT,NEW SET=Y0L8
0.,0.,-4.25
0.,
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*NSET,NSET=L8
Y0L8,L8R
** GENERATE LAYER OF NODES (L9)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L8R,SHIFT,NEW SET=L9R 
0.,0.,-8.
0-,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L8,SHIFT,NEW SET=Y0L9 
0.,0 .,-8.
0.,
*NSET,NSET=L9
Y0L9,L9R
**
** GENERATE LAYER OF NODES (L10)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L9R,SHIFT,NEW SET=L10R 
0.,0 .,-8.
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L9,SHIFT,NEW SET=Y0L10 
0 .,0.,-8.
0.,
*NSET,NSET=L 10 
Y0L10,L10R
** GENERATE LAYER OF NODES (L ll)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L10R,SHIFT,NEW SET=L11R 
0.,0.,-20.
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L 10,SHIFT,NEW SET=Y0L11 
0.,0 .,-20.
0.,
*NSET,NSET=L11 
Y0L11,L11R 
**
** GENERATE LAYER OF NODES (L12)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L11R,SHIFT,NEW SET=L12R 
0.,0 .,-20.
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L11,SHIFT,NEW SET=Y0L12 
0.,0.,-20.
0.,
*NSET,NSET=L12
Y0L12,L12R
**
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** GENERATE LAYER OF NODES (L13)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L12R,SHIFT,NEW SET=L13R 
0.,0.,-40.
0-,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L12,SHIFT,NEW SET=Y0L13 
0.,0.,-40.
0.,
*NSET,N SET=L 13
Y0L13,L13R
**
** GENERATE LAYER OF NODES (L14)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L13R,SHIFT,NEW SET=L14R 
0.,0.,-40.
0-,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L 13,SHIFT,NEW SET=Y0L14 
0.,0.,-40.
0.,
*NSET,NSET=L14
Y0L14,L14R
** GENERATE LAYER OF NODES (LI 5)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L14R,SHIFT,NEW SET=L15R 
0.,0.,-80.
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L 14,SHIFT,NEW SET=Y0L15 
0.,0.,-80.
0.,
*NSET,NSET=L15
Y0L15,L15R
** GENERATE LAYER OF NODES (L16)
*NCOPY,CHANGE NUMBER=1000,OLD SET=L15R,SHIFT,NEW SET=L16R 
0.,0.,-80.
0.,
*NCOPY,CHANGE NUMBER=1000,OLD SET=Y0L 15, SHIFT,NEW SET=Y0L16 
0.,0.,-80.
0-,
*NSET,NSET=L16
Y0L16,L16R
**
*NSET,NSET=Y0L2A
2001,2002,2003,2004,2005,2006,2026,2027,2028,2029,2030,2031 
*NSET,N SET=Y 0L5 A
5001,5002,5003,5004,5005,5006,5026,5027,5028,5029,5030,5031 
**CREATE A SET OF NODES ON Y=0 SYMMETRY PLANE
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*NSET,NSET=YOPL
YO,YOL2A,YOL3,YOL5A,YOL6,YOL7,YOL8,YOL9,
Y0L10,Y0L11,Y0L12,Y0L13,Y0L14,Y0L15,Y0L16
** Use Y0L2A & Y0L5A fo r  tied conditions
** ADD Y0L1 when the wearing is made o f two layers o f  nodes
** ADD YOL4 when the binder is made o f two layers o f  nodes
** Create sets o f  nodes in planes parallel to the YZ plane (transverse profiles)
**X0 is the symmetry plane (YZ plane)
** index B - back F - in front o f  the wheel
** digit 1-6 is the order from the X  - symmetry plane
*N SET,NSET=WALL 1,GENERATE
1.12801.50
*NSET,NSET=WALL2, GENERATE
31.12831.50
*NSET,NSET=WALL13, GENERATE
801.831.1
*NSET,NSET=WALL23,GENERATE
2801.2831.1
*NSET,NSET=WALL33,GENERATE
3801.3831.1
*NSET,NSET=WALL43,GENERATE
5801.5831.1
*NSET,NSET=WALL53,GENERATE
6801.6831.1
*NSET,NSET=WALL63, GENERATE
8801.8831.1
*NSET,NSET=WALL73,GENERATE
10801.10831.1
*NSET,NSET=WALL83,GENERATE
12801.12831.1
*NSET,NSET=WALL93,GENERATE
14801.14831.1
*NSET,NSET=WALL103,GENERATE
16801.16831.1 
*NSET,NSET=WALL3
WALL13,WALL23,WALL33,WALL43,WALL53,WALL63,WALL73, 
WALL83, WALL93, WALL 103
*NSET,NSET=X0,GENERATE
16.12766.50
*NSET,NSET=X1B, GENERATE
17.12767.50
*NSET,NSET=X2B,GENERATE
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18.12768.50
♦NSET,NSET=X3B, GENERATE
19.12769.50
♦NSET,NSET=X4B, GENERATE
20.12770.50
♦NSET,NSET=X5B, GENERATE
21.12771.50
♦NSET,NSET=X1F,GENERATE
15.12765.50
♦NSET,NSET=X2F, GENERATE
14.12764.50
*NSET,NSET=X3F, GENERATE
13.12763.50
♦NSET,NSET=X4F,GENERATE
12.12762.50
♦NSET,NSET=X5F,GENERATE
11.12761.50 
**
** GENERATE ELEMENTS
♦♦ GENERATE SOLID ELEMENTS FOR TOP WEARING COURSE
♦ELEMENT, TYPE=C3D8
6,2006,2007,2057,2056,6,7,57,56
*ELGEN,ELSET=CWEAR2
6.20.1.1.10.50.50 
**
♦♦ GENERATE FRONT WALL FOR THE WEARING COURSE - FWW
♦ELEMENT, TYPE-C3D8
1,3001,3002,3102,3101,1,2,102,101
♦ELGEN,ELSET=FWW
1.5.1.1.8.100.100
♦♦ GENERATE BACK WALL FOR THE WEARING COURSE -BWW 
♦ELEMENT, TYPE=C3D8 
26,3026,3027,3127,3126,26,27,127,126 
♦ELGEN,ELSET=BWW
26.5.1.1.8.100.100
♦♦ GENERATE LATERAL WALL FOR THE WEARING COURSE -LWW 
♦ELEMENT, TYPE=C3D8 
506,3506,3508,3558,3556,506,508,558,556 
♦ELGEN,ELSET=LWW
506.10.2.2.6.50.50 
♦ELSET,ELSET=OUTWEAR 
FWW,BWW,LWW 
♦ELSET, ELSET=WEAR
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CWEAR2,FWW,BWW,LWW
♦♦ GENERATE SOLID ELEMENTS FOR TOP BINDER COURSE 
♦ELEMENT, TYPE=C3D8 
3006,5006,5007,5057,5056,3006,3007,3057,3056 
♦ELGEN,ELSET=CBIND
3006.20.1.1.10.50.50 
**
♦♦ GENERATE FRONT WALL FOR THE BINDER COURSE - FWB 
♦ELEMENT, TYPE=C3D8 
3001,6001,6002,6102,6101,3001,3002,3102,3101 
♦ELGEN,ELSET=FWB
3001.5.1.1.8.100.100
♦♦ GENERATE BACK WALL FOR THE BINDER COURSE -BWB 
♦ELEMENT, TYPE=C3D8 
3026,6026,6027,6127,6126,3026,3027,3127,3126 
♦ELGEN,ELSET=BWB
3026.5.1.1.8.100.100
♦♦ GENERATE LATERAL WALL FOR THE BINDER COURSE -LWB 
♦ELEMENT, TYPE=C3D8 
3506,6506,6508,6558,6556,3506,3508,3558,3556 
♦ELGEN,ELSET=LWB
3506.10.2.2.6.50.50
♦ELSET, ELSET=OUTBIND
FWB,BWB,LWB
♦ELSET, ELSETHBIND
CBIND,FWB,BWB,LWB
**
♦♦ GENERATE SOLID ELEMENTS FOR TOP BASE COURSE 
♦ELEMENT, TYPE=C3D8 
6006,7006,7007,7057,7056,6006,6007,6057,6056 
♦ELGEN,ELSET=INBASE
6006.20.1.1.10.50.50 
♦ELEMENT, TYPE=C3D8 
7006,8006,8007,8057,8056,7006,7007,7057,7056 
♦ELGEN,ELSET=CBASE
7006.20.1.1.10.50.50
♦♦ GENERATE FRONT WALL FOR THE BASE COURSE - FWA 
♦ELEMENT, TYPE=C3D8 
6001,8001,8002,8102,8101,6001,6002,6102,6101 
♦ELGEN,ELSET=FWA
6001.5.1.1.8.100.100
♦♦ GENERATE BACK WALL FOR THE BASE COURSE -BWA
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♦ELEMENT, TYPE=C3D8
6026,8026,8027,8127,8126,6026,6027,6127,6126
*ELGEN,ELSET=BWA
6026.5.1.1.8.100.100
♦♦ GENERATE LATERAL WALL FOR THE BASE COURSE -LWA 
♦ELEMENT, TYPE=C3D8 
6506,8506,8508,8608,8606,6506,6508,6608,6606 
♦ELGEN,ELSET=LWA
6506.10.2.2.3.100.100 
♦ELSET,ELSET=OUTBASE 
FWA,BWA,LWA 
♦ELSET, ELSET=BASE 
INBASE,CBASE,FWA,BWA,LWA
♦♦ GENERATE SOLID ELEMENTS FOR SUBBASE COURSE
♦ELEMENT, TYPE=C3D8
8006,9006,9010,9110,9106,8006,8010,8110,8106
♦ELGEN,ELSET=CSUB
8006.5.4.4.5.100.100.2.1000.1000
♦♦ GENERATE FRONT WALL FOR THE SUBBASE COURSE - FWE 
♦ELEMENT, TYPE=C3D8
8001,10001,10002,10102,10101,8001,8002,8102,8101 
♦ELGEN,ELSET=FWE
8001.5.1.1.8.100.100
♦♦ GENERATE BACK WALL FOR THE SUBBASE COURSE -BWE 
♦ELEMENT, TYPE=C3D8
8026,10026,10027,10127,10126,8026,8027,8127,8126 
♦ELGEN,ELSET=BWE
8026.5.1.1.8.100.100
♦♦ GENERATE LATERAL WALL FOR THE SUBBASE COURSE -LWE 
♦ELEMENT, TYPE=C3D8
8506,10506,10508,10608,10606,8506,8508,8608,8606 
♦ELGEN,ELSET=LWE
8506.10.2.2.3.100.100 
♦ELSET, ELSET=SUBB 
CSUB,FWE,BWE,LWE
♦♦ GENERATE SOLID ELEMENTS FOR SUBGRADE COURSE 
♦ELEMENT, TYPE=C3D8 
10006,11006,11010,11110,11106,10006,10010,10110,10106 
♦ELGEN,ELSET=CSUBG
10006.5.4.4.5.100.100.6.1000.1000
♦♦ GENERATE FRONT WALL FOR THE SUBGRADE COURSE - FWG
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*ELEMENT, TYPE=C3D8 
10001,12001, 12002,12102,12101,10001, 10002,10102,10101 
♦ELGEN,ELSET=FWG
10001.5.1.1.8.100.100.3.2000.2000
♦♦ GENERATE BACK WALL FOR THE SUBGRADE COURSE -BWG 
♦ELEMENT, TYPE=C3D8
10026,12026,12027,12127,12126,10026,10027,10127,10126
♦ELGEN,ELSET=BWG
10026.5.1.1.8.100.100.3.2000.2000
** GENERATE LATERAL WALL FOR THE SUBGRADE COURSE -LWG 
♦ELEMENT, TYPE=C3D8
10606,12506,12508,12608,12606,10506,10508,10608,10606 
♦ELGEN,ELSET=LWG
10606.10.2.2.2.100.100.3.2000.2000
♦ELSET,ELSET=SUBG
CSUBG,FWG,BWG,LWG
**
♦♦ ELEMENTS UNDER THE TIRE IMPRINT 
♦ELSET,ELSET=TIRE
13.14.15.16.17.18.64.65.66.67.115.116
♦♦ NODES WHERE THE HORIZONTAL LOAD IS APPLIED
♦NSET,NSET=H1
13,63,114,165,167,118,69,19
♦NSET,NSET=H2
14,15,16,17,18,166 
* *
♦NSET,NSET=H3
64,115,117,68
**
♦NSET,NSET=H4
65.66.67.116 
**
♦ *DEFINE ELEMENT SET FOR THE OUTPUT 
**ONLY THE CORE OF THE PROBLEM IS NEEDED 
♦ELSET,ELSET=CORE
CWEAR2,CBIND,INBASE,CBASE,CSUB,CSUBG
♦ ♦ DEFINE SURFACES FOR SLIDING BETWEEN LA YERS 
♦SURFACE DEFINITION,NAME=WRBOT 
CWEAR2,S1
♦SURFACE DEFINITION,NAME=BDTOP 
CBIND,S2
♦SURFACE DEFINITION,NAME=BINDBOT
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CBEND,S1
♦SURFACE DEFINITION,NAME=BASETOP
INBASE, S2 
**
♦♦ SLIDING BETWEEN THE WEARING AND THE BINDER LIFTS
♦SURFACE INTERACTION,NAME=INT1
♦SURFACE BEHAVIOR,NO SEPARATION 
************************************************************
♦♦ For cases 01, 02, A, E and R
♦CONTACT PAIR,INTERACTION=INTl,TIED,ADJUST 
WRBOT,BDTOP
************************************************************ 
♦♦ For cases B, F  and S
♦FRICTION,ELASTIC SLIP=0.063, TAUMAX=205.
0.7,
♦CONTACT PAIR,INTERACTION=INTl,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
♦♦ For cases C, G and T 
♦FRICTION,
0.7,
♦CONTACT PAIR,INTERACTION=INT 1,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
♦♦ For cases D, H and U - ADD THE USER SUBROUTINE 
**AT THE END OF INPUT FILE 
♦FRICTION, USER 
0.7,
♦CONTACT PAIR,INTERACTION=INT 1,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
♦♦ SLIDING BETWEEN THE BINDER AND THE BASE COURSES
♦SURFACE INTERACTION, NAME=OPT
♦SURFACE BELLAVIOR,NO SEPARATION 
************************************************************
♦♦ For cases 01, 02, A, B, C, D, R, S, T and U
♦CONTACT PAIR,INTERACTION=OPT,TIED,ADJUST
BINDBOT,BASETOP
************************************************************
♦♦ For cases E, F, G and H
♦FRICTION, ELASTIC SLIP=0.008, TAUMAX=12.3 
0.5,
♦CONTACT PAIR,DMTERACTION=INTl,SMALL SLIDING,ADJUST
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b i n d b o t ,b a s e t o p
**
♦♦ MATERIAL DEFINITION
♦♦ ALL MATERIALS ARE CONSIDERED LINEAR ELASTIC 
♦SOLID SECTION,ELSET=WEAR,MATERIAL=AC 
1.,
♦SOLID SECTION,ELSET=BIND,MATERIAL=AC 
1.,
♦SOLID SECTION,ELSET=BASE,MATERIAL=BAS
1.,
♦SOLID SECTION,ELSET=SUBB,MATERIAL=A4SOIL
1.,
♦SOLID SECTION,ELSET=SUBG,MATERIAL=A7SOIL
1.,
♦MATERIAL,NAME=AC 
♦ELASTIC,TYPE=ISO
450000..0.3
♦MATERIAL, NAME=BAS
♦♦ Use E=150,000psi andpt=0.25 fo r the soil-cement base (cases 01, A to H)
♦♦ Use E -50 ,000psi and p=0.4 fo r  the crushed stone base (cases 02, R, S, T and U) 
♦ELASTIC,TYPE=ISO
150000..0.25
♦MATERIAL,NAME=A4SOIL 
♦ELASTIC,TYPE=ISO
12000..0.45
♦MATERIAL,NAME=A7SOIL 
♦ELASTIC,TYPE=ISO
3500..0.45
♦ *BOUNDARY CONDITION DEFINITION 
**DEFINE THE Y0PL ASA PLANE OF SYMMETRY 
♦BOUNDARY
Y0PL,YSYMM
♦BOUNDARY
WALL 1,1
WALL2,1
WALL3,2
LI 6,3 
**
♦♦ LOAD DEFINITION
* STEP, AMPLITUDE =RAMP,INC=100,NLGEOM,UNSYMM=YES 
♦STATIC
0.01, 1.
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♦♦ VERTICAL DISTRIBUTED LOAD
*DLOAD,OP=NEW
TIRE,P2,100.
♦♦ HORIZONTAL LOAD PH=0.5*2"*2"*100psi 
♦♦ 0.25PH, 0.5PH, 0.75PH, l.OPH
♦♦ WRITTEN AS CONCENTRATED FORCES AT THE NODES 
** REMOVE THE FOLLOWING 5 LINES FOR CASES 01 AND 02 
♦CLOAD,OP=NEW 
H I,1,-50.
H 2,1,-100.
H3,1,-150.
H 4,1,-200.
**
** REQUEST OUTPUT 
♦FILE FORMAT, ASCII
♦♦ REQUEST OUTPUT NODAL DISPLACEMENTS 
♦NODE PRINT,NSET=Y0PL,FREQ=100 
U,
♦NODE PRINT,NSET=L0,FREQ=100
U,
♦NODE FILE,FREQ=50 
U,
**REQUEST OUTPUT STRESSES AND STRAINS
♦EL FILE,POSITION=INTEGRATION POINT,FREQ=50
S, 
SP,
E,
♦EL PRINT,ELSET=CORE,POSITION=AVERAGED AT NODES, FREQ=100 
S,
SP
E,
♦PRINT,FREQ=10 
♦RESTART, WRITE 
♦END STEP
♦♦ ADD THE USER FORTRAN SUBROUTINE FOR CASES D, HAND U 
♦HEADING
STEFAN ROMANOSCHI - INTERFACE STUDY 
INPUT FILE #2 - VERTICAL LOAD ONLY 
♦PREPRINT, ECHO=NO, HISTORY=NO, MODEL=NO 
♦♦ PREPRINT controls the output details before analysis results 
♦♦ ECHO: prints input data in output 
♦♦ HISTORY: prints history data
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** MODEL: prints model definition data 
** NODE DEFINITION
9|ea|e3f:a|e3|c9|ea|es(c3#s9|ea|ca|c^ c9|e3|ea|ea(e9|eaiea|e4ea|e4c9lea|ea|c9|e9|ea|e3|e3feaiea(c4e3|e9|ea|c9|ea|ea|ea|69|e9|eaie4e4ea|sa|ea|e4e9|ea|e9|:9|ca(e»ie4e9|eaic9fe9|e9|s9|e9(c4c9|cs|ea|c
** DEFINE LINE AT Y=0 
**
*NODE,NSET=YO,SYSTEM=R
1,0.,0.,0. 
2,2.,0.,0.
3.4..0..0.
4.6..0..0.
5.9..0..0.
6.12..0..0.
7.18..0..0.
8.24.. 0.,0.
9.36..0..0.
10.48..0..0.
11.60..0..0.
12.72..0..0.
13.84..0..0.
14.96..0..0.
15.120..0..0.
16.144..0..0.
17.168..0..0.
18.192..0..0.
19.216..0..0.
20.240..0..0.
21.270..0..0.
22.300..0..0.
♦NCOPY,CHANGE NUMBER=50,OLD SET=Y0, SHIFT,NEW SET=Y1 
0-,2 .,0 .
0.,
♦NCOPY,CHANGE NUMBER=100,OLD SET=Y0,SHIFT,NEW SET=Y2 
0.,4.,0.
0-,
*NCOPY,CHANGE NUMBER=150,OLD SET=Y0,SHIFT,NEW SET=Y3 
0.,6.,0.
0.,
*NCOPY,CHANGE NUMBER=200,OLD SET=Y0,SHIFT,NEW SET=Y4 
0.,9.,0.
0-,
*NCOPY,CHANGE NUMBER=250,OLD SET=Y0,SHIFT,NEW SET=Y5 
0.,12.,0.
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*NCOPY,CHANGE NUMBER=300,OLD SET=YO,SHIFT,NEW SET=Y6 
0.,18.,0.
0.,
*NCOPY,CHANGE NUMBER=350,OLD SET=Y0,SHIFT,NEW SET=Y7 
0.,24.,0.
0-,
*NCOPY,CHANGE NUMBER=400,OLD SET=Y0,SHIFT,NEW SET=Y8 
0.,36.,0.
0.,
*NCOPY,CHANGE NUMBER=450,OLD SET=Y0,SHIFT,NEW SET=Y9 
0.,48.,0.
0-,
*NCOPY,CHANGE NUMBER=500,OLD SET=Y0,SHIFT,NEW SET=Y10 
0.,60.,0.
0.,
♦NCOPY,CHANGE NUMBER=550,OLD SET=Y0,SHIFT,NEW SET=Y11 
0.,72.,0.
0.,
*NCOPY,CHANGE NUMBER=600,OLD SET=Y0,SHIFT,NEW SET=Y12 
0.,96.,0.
0.,
*NCOPY,CHANGE NUMBER=650,OLD SET=Y0,SHIFT,NEW SET=Y13 
0 .,120.,0.
0-,
*NCOPY,CHANGE NUMBER=700,OLD SET=Y0,SHIFT,NEW SET=Y14 
0.,144.,0.
0.,
*NCOPY,CHANGE NUMBER=750,OLD SET=Y0,SHIFT,NEW SET=Y15 
0.,168.,0.
0-,
*NCOPY,CHANGE NUMBER=800,OLD SET=Y0,SHIFT,NEW SET=Y16 
0.,192.,0.
0.,
*NCOPY,CHANGE NUMBER=850,OLD SET=Y0,SHIFT,NEW SET=Y17 
0.,216.,0.
0.,
♦NCOPY,CHANGE NUMBER=900,OLD SET=Y0,SHIFT,NEW SET=Y18 
0.,240.,0.
0.,
♦NCOPY,CHANGE NUMBER=950,OLD SET=Y0,SHIFT,NEW SET=Y19 
0.,270.,0.
0.,
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*NSET,NSET=CENTR
Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9,Y10,
Y11,Y12,Y13,Y14,Y15,Y16,Y17,Y18,Y19 
**
*NSET,N SET=L0
Y0,Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9,Y10,Y11,Y12,Y13,
Y14, Y15, Y16, Y17, Y18, Y19 
**
♦♦ GENERATE LAYER OF NODES (LI)
♦♦NCOPY,CHANGE NUMBER=1000,OLD SET=LO,SHIFT,NEW SET=L1
**0.,0.,-0.75
**0.,
**
♦♦ GENERATE LAYER OF NODES (L2)
♦NCOPY,CHANGE NUMBER=2000,OLD SET=L0,SHIFT,NEW SET=L2
0.,0.,-1.5
0.,
**
♦♦ GENERATE LAYER OF NODES (L3)
♦♦ LAYERS L2 and L3 are the asphalt-to-asphalt interface
♦NCOPY,CHANGE NUMBER=3000,OLD SET=L0,SHIFT,NEW SET=L3
0.,0.,-1.5
** GENERATE LAYER OF NODES (L4)
**NCOPY,CHANGE NUMBER=1000,OLD SET=L3,SHIFT,NEW SET=L4 
**0.,
** GENERATE LAYER OF NODES (L5)
♦NCOPY,CHANGE NUMBER=2000,OLD SET=L3,SHIFT,NEW SET=L5 
0.,0.,-2.
0.,
** GENERATE LAYER OF NODES (L6)
** LAYERSL5 andL6 are the binder-base interface 
♦NCOPY,CHANGE NUMBER=3000,OLD SET=L3,SHIFT,NEW SET=L6 
0.,0.,-2.
♦ ♦ GENERA TE LA YER OF NODES (L 7)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L6,SHIFT,NEW SET=L7 
0.,0.,-4.25
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** GENERATE LAYER OF NODES (L8)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L7,SHIFT,NEW SET=L8
0.,0.,-4.25
0.,
**
♦♦ GENERATE LAYER OF NODES (L9)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L8,SHIFT,NEW SET=L9
0.,0 .,-8.
0.,
**
** GENERATE LAYER OF NODES (L10)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L9,SHIFT,NEW SET=L10
0 .,0 .,-8.
0.,
**
♦♦ GENERATE LAYER OF NODES (L ll)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L 10,SHIFT,NEW SET=L11
0.,0.,-20.
0-,
**
♦♦ GENERATE LAYER OF NODES (L12)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L11,SHIFT,NEW SET=L12 
0 .,0.,-20.
0.,
♦♦ GENERATE LAYER OF NODES (L13)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L12,SHIFT,NEW SET=L13
0.,0.,-40.
0.,
**
♦♦ GENERATE LAYER OF NODES (L14)
♦NCOPY,CHANGE N U M B ER S000,OLD SET=L 13,SHIFT,NEW SET=L14 
0.,0.,-40.
0-,
♦♦ GENERATE LAYER OF NODES (LI 5)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L 14,SHIFT,NEW SET=L15 
0.,0.,-80.
0.,
♦♦ GENERATE LAYER OF NODES (L16)
♦NCOPY,CHANGE NUMBER=1000,OLD SET=L15,SHIFT,NEW SET=L16 
0.,0.,-80.
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0.,
**
**CREATE A SET OF NODES ON Y=0 SYMMETRY PLANE 
*NSET,NSET=Y0S,GENERATE 
2 22 1 
1002,1022,1 
**2002,2017,1
** Include the previous line when wearing and binder are not tied
3002.3022.1
4002.4022.1 
** 5002,5017,1
** Include the previous line when binder and base are not tied
6002.6022.1
7002.7022.1
8002.8022.1
9002.9022.1
10002. 10022.1 
11002,11022,1 
12002,12022,1
13002.13022.1
14002.14022.1
15002.15022.1
*NSET,NSET=X0S,GENERATE
51.951.50
1051.1951.50 
**2051,2951,50
* *include the previous line only when binder and base are not tied
3051.3951.50
4051.4951.50 
**5051,5951,50
** include previous line only when binder and base are not tied
6051.6951.50
7051.7951.50
8051.8951.50
9051.9951.50
10051.10951.50
11051.11951.50
12051.12951.50
13051.13951.50
14051.14951.50
15051.15951.50 
*NSET,NSET=AXA 
1, 1001,
203
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* *ADD 2001 IF WEARING AND BINDER ARE NOT BONDED 
3001,4001,
* *ADD 5001 IF WEARING AND BINDER ARE NOT BONDED 
6001,7001,8001,9001,10001,11001,
12001,13001,14001,15001
*NSET,NSET=BOTl, GENERATE 
16002,16022,1
*NSET,NSET=BOT2, GENERATE
16051.16951.50 
*NSET,NSET=Y0PL 
Y0S,AXA
*NSET,NSET=X0PL
X0S,AXA
** Create sets o f  nodes in planes parallel to the 
** YZ plane (transverse profiles)
**X0 is the symmetry plane (YZplane)
** digit 1-6 is the order from the symmetry plane 
*NSET,NSET=WALL1, GENERATE
951.972.1
1951.1972.1
2951.2972.1
3951.3972.1
4951.4972.1
5951.5972.1
6951.6972.1
7951.7972.1
8951.8972.1
9951.9972.1
10951.10972.1
11951.11972.1
12951.12972.1
13951.13972.1
14951.14972.1
15951.15972.1
16951.16972.1
*NSET,NSET=WALL2,GENERATE
22.16972.50 
**
*NSET,NSET=X2B,GENERATE
2.16952.50
*NSET,NSET=X3B,GENERATE
3.16953.50
*NSET,NSET=X4B,GENERATE
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.16954.50
♦NSET,NSET=X5B,GENERATE
5.16955.50
♦NSET,NSET=X6B,GENERATE
6.16956.50
*NSET,NSET=L16CENTR
16155,16159,16163,16167,16171,16172,
16305,16309,16313,16317,16321,16322,
16455,16459,16463,16467,16471,16472, 
16605,16609,16613,16617,16621,16622,
16755,16759,16763,16767,16771,16772,
16905,16909,16913,16917,16921,16922,
16955,16959,16963,16967,16971,16972
*NSET,NSET=CORNER
16001,
♦♦ GENERATE ELEMENTS
♦♦ GENERATE SOLID ELEMENTS FOR WEARING COURSE 
♦ELEMENT, TYPE=C3D8 
1,2001,2002,2052,2051,1,2,52,51 
♦ELGEN,ELSET=CWEAR
1.16.1.1.16.50.50
♦♦ GENERATE STRIPE 1 FOR THE WEARING COURSE - SI W 
♦ELEMENT, TYPE=C3D8 
801,3801,3803,3853,3851,801,803,853,851 
♦ELGEN,ELSET=S 1W
801.10.2.2.2.50.50
♦♦ GENERATE STRIPE 2 FOR THE WEARING COURSE -S2W
♦ELEMENT, TYPE=C3D8
17,3017,3018,3118,3117,17,18,118,117
♦ELGEN,ELSET=S2W
17,4,1,1,8,100,100
♦♦ GENERATE WALL 1 FOR THE WEARING COURSE - W1W
♦ELEMENT, TYPE=C1N3D8
901,901,903,3903,3901,951,953,3953,3951
♦ELGEN,ELSET=W1 W
901,10,2,2
♦♦ GENERATE WALL 2 FOR THE WEARING COURSE-W2W
♦ELEMENT, TYPE=CIN3D8
21,121,21,3021,3121,122,22,3022,3122
♦ELGEN,ELSET=W2W
21,1,0,0,9,100,100
♦ELSET,ELSET=OUTWEAR
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S1W,S2W
*ELSET, ELSET=WEAR
C WEAR, OUTWEAR, W1 W,W2W 
**
♦♦ GENERATE SOLID ELEMENTS FOR BINDER COURSE
♦ELEMENT, TYPE=C3D8
3001,5001,5002,5052,5051,3001,3002,3052,3051
♦ELGEN,ELSET=CBIND
3001.16.1.1.16.50.50
♦♦ GENERATE STRIPE 1 FOR THE BINDER COURSE - SIB 
♦ELEMENT, TYPE=C3D8 
3801,6801,6803,6853,6851,3801,3803,3853,3851 
♦ELGEN,ELSET=S 1B
3801.10.2.2.2.50.50
♦♦ GENERATE STRIPE 2 FOR THE BINDER COURSE -S2B
♦ELEMENT, TYPE=C3D8
3017,6017,6018,6118,6117,3017,3018,3118,3117
♦ELGEN,ELSET=S2B
3017,4,1,1,8,100,100
♦♦ GENERATE WALL 1 FOR THE BINDER COURSE - W1B 
♦ELEMENT, TYPE=CIN3D8 
3901,3901,3903,6903,6901,3951,3953,6953,6951 
♦ELGEN,ELSET=W1 B
3901,10,2,2
♦♦ GENERATE WALL 2 FOR THE BINDER COURSE-W2B
♦ELEMENT, TYPE=C1N3D8
3021,3121,3021,6021,6121,3122,3022,6022,6122
♦ELGEN,ELSET=W2B
3021,1,0,0,9,100,100
♦ELSET, ELSET=OUTBIND
S1B,S2B
♦ELSET, ELSET=BIND
CBIND,OUTBIND, W1B, W2B 
**
♦♦ GENERATE SOLID ELEMENTS FOR TOP OF THE BASE COURSE
♦ELEMENT, TYPE=C3D8
6001,7001,7002,7052,7051,6001,6002,6052,6051
♦ELGEN,ELSET=TBASE
6001.16.1.1.16.50.50
♦♦ GENERATE SOLID ELEMENTS FOR BOTTOM OF THE BASE COURSE 
♦ELEMENT, TYPE=C3D8 
7001,8001,8002,8052,8051,7001,7002,7052,7051 
♦ELGEN,ELSET=BBASE
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7001,16,1,1,16,50,50
** GENERATE STRIPE 1 FOR THE BASE COURSE - SI A 
♦ELEMENT, TYPE=C3D8 
6801,8801,8803,8903,8901,6801,6803,6903,6901 
♦ELGEN,ELSET=S 1A
6801,10,2,2,1,100,100
♦♦ GENERATE STRIPE 2 FOR THE BASE COURSE -S2A 
♦ELEMENT, TYPE=C3D8 
6017,8017,8019,8119,8117,6017,6019,6119,6117 
♦ELGEN,ELSET=S2 A
6017,2,2,2,8,100,100
♦♦ GENERATE WALL 1 FOR THE BASE COURSE - W1A 
♦ELEMENT, TYPE=CIN3D8 
6901,6901,6903,8903,8901,6951,6953,8953,8951 
♦ELGEN,ELSET=W1A
6901.10.2.2
♦♦ GENERATE WALL 2 FOR THE BASE COURSE-W2A 
♦ELEMENT, TYPE=CIN3D8 
6021,6121,6021,8021,8121,6122,6022,8022,8122 
♦ELGEN,ELSET=W2A
6021.1.0.0.9.100.100 
♦ELSET,ELSET=OUTBASE 
S1A,S2A
♦ELSET, ELSET=BASE
TBASE,BBASE,OUTBASE,Wl A, W2 A 
**
♦♦ GENERATE SOLID ELEMENTS FOR THE SUBBASE COURSE
♦ELEMENT, TYPE=C3D8
8001,9001,9003,9103,9101,8001,8003,8103,8101
♦ELGEN, ELSET=INSUB
8001,10,2,2,9,100,100,2,1000,1000
♦♦ GENERATE WALL 1 FOR THE SUBBASE COURSE - W1E 
♦ELEMENT, TYPE=CIN3D8 
8901,8901,8903,10903,10901,8951,8953,10953,10951 
♦ELGEN,ELSET=W1E
8901.10.2.2
♦♦ GENERATE WALL 2 FOR THE SUBBASE COURSE-W2E 
♦ELEMENT, TYPE=CIN3D8 
8021,8121,8021,10021,10121,8122,8022,10022,10122 
♦ELGEN,ELSET=W2E
8021.1.0.0.9.100.100 
♦ELSET, ELSET=SUBB 
INSUB,W1E,W2E
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** GENERATE SOLID ELEMENTS FOR THE SUBGRADE COURSE 
♦ELEMENT, TYPE=C3D8
10001,11001,11005,11155,11151,10001,10005,10155,10151
♦ELGEN,ELSET=JNSBG
10001,5,4,4,6,150,150,6,1000,1000
** GENERATE WALL 1 FOR THE SUBGRADE COURSE - WIG 
♦ELEMENT, TYPE=CIN3D8
10901,10901,10903,12903,12901,10951,10953,12953,12951 
♦ELGEN,ELSET=W1 G
10901.10.2.2.1.0.0.3.2000.2000
♦* GENERATE WALL 2 FOR THE SUBGRADE-W2G 
♦ELEMENT, TYPE=CIN3D8
10021,10171,10021,12021,12171,10172,10022,12022,12172
♦ELGEN,ELSET=W2G
10021.1.0.0.6.150.150.3.2000.2000
♦ELSET, ELSET=SUBG
INSBG, W1 G,W2G 
**
♦♦ ELEMENTS UNDER THE TIRE IMPRINT
♦ELSET,ELSET=TIRE
1,2,3,51,52,101
**
♦*.DEFINE ELEMENT SET FOR THE OUTPUT 
**ONLYTHE CORE OF THE PROBLEM IS NEEDED 
♦ELSET,ELSET=CORE
CWEAR,CBIND,TBASE,BBASE,INSUB,INSBG 
♦♦ DEFINE SURFACES FOR SLIDING BETWEEN LAYERS 
♦SURFACE DEFINITION,NAME^WRBOT 
C WEAR, SI
♦SURFACE DEFINITION,NAME=BDTOP 
CBIND,S2
♦SURFACE DEFINITION,NAME=BINDBOT 
CBIND,S1
♦SURFACE DEFINITION,NAME=BASETOP
TBASE,S2
**
♦SURFACE INTERACTION,NAME=INT 1 
♦SURFACE BEHAVIOR,NO SEPARATION
♦♦ For cases I, M  and V
♦CONTACT PAIR,INTERACTION=INTl,'TIED,ADJUST 
WRBOT,BDTOP
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
♦♦ For cases J, N a n d X
♦FRICTION,ELASTIC SLIP=0.063, TAUMAX=205.
0.7,
♦CONTACT PAIR,INTERACTION=INTl,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
♦♦ For cases K, P  and Y  
♦FRICTION,
0.7,
♦CONTACT PAIR,INTERACTION=INTl,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
♦♦ For cases L, Q a n d Z -  ADD THE USER SUBROUTINE 
**ATTHE END OF INPUT FILE 
♦FRICTION, USER 
0.7,
♦CONTACT PAIR,INTERACTION=INTl,SMALL SLIDING,ADJUST 
WRBOT,BDTOP
************************************************************
**
♦♦ SLIDING BETWEEN THE BINDER AND THE BASE COURSES
♦SURFACE INTERACTION, NAME=OPT
♦SURFACE BEHAVIOR,NO SEPARATION 
*****************************************************
♦♦ For cases I, J, K, L, V, X, Y and Z
♦CONTACT PAIR,INTERACTION=OPT,TIED,ADJUST
BINDBOT,BASETOP
*****************************************************
♦♦ For cases M, N, P  and Q
♦FRICTION
0.5,
♦CONTACT PAIR,INTERACTION=INTl,SMALL SLIDING,ADJUST
BINDBOT,BASETOP
**************************************************************
♦♦ MATERIAL DEFINITION 
♦♦ ALL MATERIALS ARE LINEAR ELASTIC 
♦SOLID 
L,
♦SOLID
1.,
♦SOLID
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SECTION,ELSET=BIND,MATERIAL=AC 
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* SOLID SECTION,ELSET=SUBB,MATERIAL=A4SOIL
1-,
* SOLID SECTION,ELSET=SUBG,MATERIAL=A7SOIL
1.,
♦MATERIAL,NAME=AC 
♦ELASTIC,TYPE=ISO
450000..0.3
♦MATERIAL,NAME=BAS
♦♦ Use E =150,000psi and p=0.25 for the soil-cement base (cases I  to Q) 
♦♦ Use E=50,000 psi and /u=0.4 fo r the crushed stone base (cases V to Z) 
♦ELASTIC,TYPE=ISO
150000..0.25
♦MATERIAL,NAME=A4SOIL 
♦ELASTIC,TYPE=ISO
12000..0.45
♦MATERIAL,NAME=A7SOIL 
♦ELASTIC,TYPE=ISO
3500..0.45
* *BOUNDARY CONDITION DEFINITION 
♦BOUNDARY
Y0S,2
Y0S,4
Y0S,6
X0S,1
X0S,5
X0S,6
AXA,1
AXA,2
AXA,4
AXA,5
♦BOUNDARY
L16CENTR,3
BOTl,2
BOTl,3
BOTl,4
BOTl,6
BOT2,l
BOT2,3
BOT2,5
BOT2,6
CORNER, 1,6
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** LOAD DEFINITION
♦STEP,AMPLITUDE=RAMP,INC=100,NLGEOM,UNSYMM=YES 
♦STATIC 
0.01, 1.
♦♦ VERTICAL DISTRIBUTED LOAD
♦DLOAD,OP=NEW
TIRE,P2,100.
** REQUEST OUTPUT
♦FILE FORMAT,ASCII
♦♦ OUTPUT NODAL DISPLACEMENTS
♦NODE PRINT,NSET=Y0PL,FREQ=100
U1,U3
♦NODE PRINT,NSET=L0,FREQ=100 
U,
♦NODE FILE,FREQ= 100 
U,
**OUTPUT STRESSES AND STRAINS
♦EL FILE,POSITION=INTEGRATION POINT,FREQ=100
S,
SP,
E,
♦EL PRINT,ELSET=CORE,POSITION=AVERAGED AT NODES, FREQ=100 
S,
SP,
E,
♦PRINT,FREQ=50 
♦RESTART, WRITE 
♦END STEP
♦♦ ADD THE USER FORTRAN SUBROUTINE FOR CASES L, Q and Z
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** THE USER SUBROUTINE FOR INTERFACE 
♦USER SUBROUTINE
subroutine fric(lm,tau,ddtddg,ddtddp,dslip,sed,sfd,
1 ddtddt,pnewdt,statev,dgam,taulm,press,dpress,ddpddh,
2 slip,kstep,kinc,time,dtime,noel,ciname,slname,
3 msname,npt,node,npatch,coords,rcoord,drot,temp,
4 predef,nfdir,mcrd,npred,nstatv)
c
include 'aba_param.inc'
c
character* 8 ciname,slname,msname
dimension tau(nfdir),ddtddg(nfdir,nfdir),ddtddp(nfdir),
1 dslip(nfdir),ddtddt(nfdir,2),statev(* ),dgam(nfdir),
2 taulm(nfdir),slip(nfdir),time(2),coords(mcrd),
3 rcoord(mcrd),drot(2,2),temp(2),predef(2,*)
c
if (1m .eq. 2) return
c
lm=0
c
c k- ratio o f  tangential stress and tangential displacement (psi/in.)
c press - normal pressure at the interface (psi)
c taulm - maximum shear stress (psi)
c I f  fo r  a specific temperature the model fo r k is:
c k2=1328.5+5.86*press 
c and for the shear strength o f  the interface is:
c taulm -122.03+l.ll*press 
c then replace the slope and the intercept 
c parameters in the following lines
ddtddg( l,l)=1328.5+5.86*press 
ddtddg(2,2)=1328.5+5.86*press 
ddtddg(l,2)=0.0 
ddtddg(2,l)=0.0 
tau( 1 )=dgam( 1 )*ddtddg( 1,1) 
tau(2)=dgam(2)*ddtddg(2,2) 
dslip(l)=dgam(l) 
dslip(2)=dgam(2) 
taulm(l)=l 22.03+1.11 *press 
taulm(2)=l 22.03+1.11 *press 
return 
end
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APPENDIX C 
EFFECT OF INTERFACE CONDITION AND HORIZONTAL 
LOADS ON THE MAGNITUDE OF STRESSES AND STRAINS
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Minimum Stress S1
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Figure C l . Principal Stresses (kPa) at the top o f the wearing course 
Soil-cement base pavement
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Minimum Stress S1
Bottom Wearing Course - Centerline
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Figure C2. Principal Stresses (kPa) at the bottom o f the wearing course 
Soil-cement base pavement
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Minimum Stress S1
Top Binder Course - Centerline
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Figure C3. Principal Stresses (kPa) at the top o f the binder course 
Soil-cement base pavement
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Minimum Principal Stress S1
Bottom Binder Course - Centerline
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Figure C4. Principal Stresses (kPa) at the bottom o f  the binder course 
Soil-cement base pavement
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Minimum Stress S1
Top Base Course - Centerline
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Figure C5. Principal Stresses (kPa) at the top o f  the base course 
Soil-cement base pavement
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Minimum Stress S1
Bottom Base Course - Centerline
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Figure C6. Principal stresses (kPa) at the bottom o f the base course 
Soil-cement base pavement
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Vertical Stress S33
Top of Subgrade - Centerline
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Figure C7. Vertical stresses (kPa) and strains at the top o f the subgrade 
Soil-cement base pavement
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Figure C8. Strains at the top o f the wearing course 
Soil-cement base pavement
221
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Longitudinal Strain E11
Bottom Wearing Course - Centerline
3.0E-04
2.0E-04
1.0E-04
0.0E+00
-1.0E-04
-2.0E-04
-3.0E-04
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Offset (m)
«- A B - >*-- C - a -  D - -  E F G H - 01
Transverse Strain E22 
Bottom Wearing C ourse - Centerline
2.0E-04
1.5E-04
1.0E-04
5.0E-05
0.0E+00
-5.0E-05
-1.0E-04
-1.5E-04
21 1.502 1 -0.5 0.5-1.5
Offset (m)
A —— B C -H - D -  - -  E F G H 01
Figure C9. Strains at the bottom o f  the wearing course 
Soii-cement base pavement
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Figure CIO. Strains at the top o f the binder course 
Soil-cement base pavement
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Figure C 11. Strains at the bottom o f the binder course 
Soil-cement base pavement
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Figure C l 2. Strains at the top o f the base course 
Soil-cement base pavement
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Figure Cl 3. Strains at the bottom of the base course 
Soil-cement base pavement
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Figure Cl 4. Principal stresses at the top o f  the wearing course (kPa) 
Granular base pavement
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Figure Cl 5. Principal stresses at the bottom of the wearing course (kPa) 
Granular base pavement
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Figure Cl 6. Principal stresses at the top o f the binder course (kPa) 
Granular base pavement
229
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Minimum Principal S tress S1 
Bottom Binder C ourse - Centerline
-200
-400
-600
-800
-1000
-1200
-1400
0.4 0.8 1.2 1.6
(m)
-1.6 -1.2 -0.8 -0.4
Offset
Maximum Principal S tress S3 
Bottom Binder C ourse - Centerline
500
400
300
200
100
-100
-200
21.50 0.5 1■2 -1.5 1 -0.5
Offset (m)
Figure C l 7. Principal stresses at the bottom o f the binder course (kPa) 
granular base pavement
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Figure C l 8. Strains at the top o f the wearing course - granular base pavement
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Figure Cl 9. Strains at the bottom of the wearing course 
Granular base pavement
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Figure C20. Strains at the top o f the binder course - granular base pavement
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Figure C21. Strains at the bottom o f  the binder course 
Granular base pavement
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Figure C22. Stresses (kPa) and strains at the top o f the subgrade 
Granular base pavement
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